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 Elastin and collagen fibers are the major extracellular matrix (ECM) constituents 
of the arterial wall. Elastic fibers in the medial layer form concentric layers of elastic 
lamella, together with smooth muscles cells and collagen fibers, organizing into a 
lamellar unit that is considered as a functional unit of the arterial wall. The lamellar unit 
is designed to support and evenly distribute the mechanical loading in the arterial wall. 
The ECM fiber networks in the arterial wall are highly inhomogeneous in structure with 
varying fiber diameters, density, orientation distribution, etc. The objective of this work 
is to advance the current understanding of the multi-scale ECM mechanics and the role of 
structural inhomogeneity in the arterial wall using a coupled experimental and modeling 
approach that integrates mechanical characterization, advanced optical imaging, and 
computational modeling. 
Our study on the micromechanics of elastic lamellae shows that structural 
inhomogeneity is important in maintaining tissue homeostasis. The higher lamellae 
unfolding in the inner lamellae layer compensates the larger strain experienced at the 
inner surface of the arterial wall, and plays an important role in maintaining a more 
	
	 vii 
evenly distributed stretching/stress in the lamellar layers. Studies on elastin fiber 
organization reveal that there is a transmural variation in the orientation distribution of 
elastin fibers through the arterial wall, which is closely correlated with the anisotropic 
behavior of elastin network. The study of power-law behavior in the arterial wall revealed 
the structural inhomogeneity in the inter-lamellar ECM network in the form of a 
nonuniform spatial distribution of interlamellar fibers, in terms of the fiber density along 
the axial direction, as well as their orientation with respect to lamellar layers. We found 
that this structural inhomogeneity is the underlying mechanism of the avalanche behavior 
in the propagation of aortic dissection. In the study of a discrete fiber network model, we 
proposed a finite element based framework considering the interfiber crosslinking 
properties of ECM network that successfully predicts the mechanical behavior of arterial 
elastin network. Our results suggest that rotational stiffness of the crosslinks plays more 
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CHAPTER 1 INTRODUCTION 
“Although the heart does not pour blood into the arteries during its diastoles, the 
blood does not stop and remain completely immobile and stagnant in the arteries, 
viscera, flesh and veins when the heart is at rest. The blood keeps moving but with 
varying velocity... This results from the fact that the arteries themselves are constricted 
by contraction of their circular fibres.” - Giovanni Borelli (1608–1679) 
 
1.1 Objectives 
 Elastin and collagen fibers are two major load-bearing extracellular matrix (ECM) 
components of an artery. Elastin imparts elastic property to an artery to accommodate 
cyclic physiological deformation from pulsatile blood flow at low strain whereas collagen 
fibers are engaged at higher strain to prevent artery from rupture  at high pressures 
(Burton, 1954). In elastic arteries such as aorta, elastic fibers in the medial layer form 
concentric layers of elastic lamellae. Each elastic lamella alternates with a layer of 
smooth muscle cells and collagen fibers forming a lamellar unit, which is considered to 
be a functional unit of the arterial wall (Wolinsky & Glagov, 1967). Organized elastic 
lamellar units are crucial for vascular smooth muscle cells (VSMCs) to maintain their 
quiescent and contractile states (Curran et al. 1993; Ewart et al. 1993). Disruption of 
elastic fibers leads VSMCs to dedifferentiate, migrate, proliferate, and occlude arteries. 
Changes in the elastic fiber network structure are observed in many pathological vascular 
remodeling processes (Brooke et al., 2003). The durability test found that a pre-existing 
difference in load distribution in the elastic fiber network due to inhomogeneity in the 
special organization of elastic fibers could change the stress concentration at the failure 




The role of ECM in maintaining vascular homeostasis cannot be overstated. 
However, the micromechanics of arterial elastin and its response to mechanical loading at 
fiber, lamellae, and tissue level are not fully understood. The objective of this work is to 
advance the current understanding of the structural inhomogeneity in the organization of 
the ECM and its role in the multi-scale mechanics of the arterial wall using a coupled 
experimental and modeling approach that integrates mechanical characterization, 
advanced optical imaging, and computational modeling. 
 
1.2 Structure of an Arterial Wall 
 Arteries are blood vessels that carry blood away from the heart to the body. They 
can be categorized into two types: elastic arteries (e.g., the aorta and common carotids) 
and muscular arteries (e.g., coronaries, cerebrals) (Humphrey, 2002). Human aorta is 
comprised of about 47% elastic fibers, which is essential for its elastic properties in order 
to accommodate cardio-respiratory function and pulsatile blood flow. Regardless of type, 
the arterial wall is composed of three distinct layers, the tunica intima, tunica media and 
tunica adventitia (Humphrey, 2002). The intima is the thinnest and innermost layer. It 
consists of a monolayer of endothelial cells lining the arterial wall. It provides 
hemocompatibility with blood but contributes little to the mechanical properties of the 
normal artery. The tunica media is the middle layer of the arterial wall. In elastic arteries 
such as aorta, elastin fibers in the medial layer form concentric layers of elastic lamellae. 
Elastin acts as elastic reservoir damping the fluctuation in blood pressure over cardiac 




cells regulate the luminal diameter of the artery but contribute little to the static 
mechanical properties of the artery (Humphrey, 2002). The media is separated from the 
intima by the innermost sheet of elastin called internal and from adventitia by the 
outermost sheet of elastin called external elastic lamella. The adventitia is the outermost 
layer of wall that consists primarily of a dense network of collagen fibers. The collagen 
rich adventitia serves as a protective sheath to prevent vascular rupture at extremely high 
pressures.  
 
Figure 1.1: Structure of an artery wall (Gerhard A. Holzapfel, Gasser, & Ogden, 2000). 
 
1.3 Hierarchical Structure of Elastin 
 Elastin is the major protein that imparts the elastic property to artery. It is 
believed that elastin dominants the passive behavior of artery at low strain. This is crucial 
for arteries to maintain a steady blood pressure (ref). Elastic fiber consists of amorphous 




provides elastic properties to the artery by a passive, entropy-driven mechanism allowing 
stretching and recoil (ref). Elastic fibers are long-live protein that mechanically recoil 
3×109 times over a 70-year life (ref). In medial layer of elastic arteries, elastic fibers 
form concentric layers of elastic lamellae. Each elastic lamella alternates with a layer of 
smooth muscle cells and collagen fibers forming a lamellar unit, which is considered as a 
functional unit of the arterial wall (Wolinsky & Glagov, 1967). 
 
Figure 1.2: A: Standard transmission microscopy of developing lung showing an elastic fiber 
consisting of elastin (E) and microfibrils (MF) (Mecham, 2008). B: Elastic fibers of internal elastic 
lamella (Farand, Garon, & Plante, 2007). C: Scanning electron microscopy of isolated elastin 
network (Yu Zou & Zhang, 2009). 
 
1.4 Elastin Remodeling 
Changes in the elastic fiber network structure are observed in many pathological 
vascular remodeling processes (Hasket et al., 2013) (Fry et al., 2015). As a long-lived 
ECM protein, elastin is the most stable extracellular matrix protein and its rate of 
synthesis is negligible after puberty (Green et al., 2014). Thus elastin can suffer from 
congenital defects as well as cumulative effects of biochemical damages. For example, 
elastin is more susceptible to slow rate process like non-enzymatic glycation associated 




patients have been shown to have stiffer arteries than nondiabetic subjects (Stehouwer & 
Ferreira, 2006). Previous studies show that Marfan aortic samples are characterized by 
fragmentation and disorganization of elastic fibers (López-Guimet, Andilla, Loza-
Alvarez, & Egea, n.d.). It is found that Marfan’s patients are more susceptible to aortic 
dissection (O’Connell et al., 2008). Decrease of elastin content in arterial wall has been 
found in aging, hypertension, and atherosclerosis and accompanied by a decrease in 
longitudinal retraction force and circumferential compliance (J. E. Wagenseil et al., 
2005). 
 
1.5 Outline of the Research 
In Chapter 1, we introduced the background, motivation and objectives of this 
study. 
In Chapter 2, experimental methods used in this study are introduced, including 
biaxial tensile testing and multiphoton imaging. 
 In Chapter 3, we examined the transmural variation in elastin fiber orientation 
distribution in porcine thoracic aorta and its association with elastin anisotropy. 
Multiphoton microscopy was used to observe the orientation distribution of elastin fibers 
at equi- and nonequi-biaxial stretch. Planar biaxial tensile test was performed to 
characterize the anisotropic behavior of elastin network. A new structural-based 
constitutive model of elastin network was developed to incorporate the transmural 
variation in fiber orientation distribution.  




carotid arteries under pressurization and axial stretching were studied by coupling biaxial 
pressure-inflation mechanical loading and multiphoton imaging. Three-dimensional 
structure of the elastic lamellae under biaxial loading was reconstructed and the spatial 
structure features were quantified using imaging analysis. Biaxial test was performed to 
characterize the pressure-diameter response of mouse carotid arteries. Constitutive 
modeling based on imaging and mechanical testing results was used to analysis the 
through thickness distribution of deformation of elastic lamellae. 
 In Chapter 5, we studied the integrity of aortic media in the context of aortic 
dissections with controlled peeling tests. We found that arterial dissection is governed by 
an avalanche-like cascade failure of inter-lamellar fibers. With a finite element based 
model, we demonstrated that the structural inhomogeneity is the underlying mechanism 
in the power-law behavior that governs the rapid propagation of aortic dissections. 
In Chapter 6, we generated a discrete fiber network (DFN) model that resembles 
the structural properties (fiber orientation, fiber dimensions, and areal density) of the 
elastin network in arterial wall. The DFN model well recapitulates the mechanical 
behavior of the elastin network in arterial wall. The effect of different properties of the 
network crosslinkings on fiber-level and tissue-level response were studied. (Fiber level 
stress strain) 
In Chapter 7, we summarize the conclusions in this study and present the outlook 





CHAPTER 2 EXPERIMENTAL METHODS 
2.1 Overview 
 This chapter presents various experimental methods used in this project. 
Experimental techniques include planar biaxial testing, pressure-diameter testing, 
multiphoton microscopy. 
2.2 Biaxial Tensile Testing 
 Biaxial tensile testing is the preferred experimental approaches to characterize the 
mechanical properties of arteries. Two types of biaxial tensile testing are used in this 
study, namely planar biaxial tensile test and pressure-diameter test.  
2.2.1 Planar Biaxial Tensile Test 
 Planar biaxial test was used to measure mechanical properties of arteries from big 
animals (e.g., porcine aorta and human aorta) (Figure 2.1). For our experiments, samples 
of approximately 20 × 20 mm square were cut with one edge parallel to the longitudinal 
direction and the other edge parallel to the circumferential direction of the artery. 
Sandpaper tabs were glued to the edge of the samples, and nylon sutures were looped 
through the sandpaper tabs and then connected to linear carriages. Tension control or 
strain control experiments were performed through a custom LABVIEW program. There 
were two load cells, one in each axis, to monitor the load applied to the tissue sample in 
both loading directions. The position of the four carbon marker dots glued to samples was 
monitored using a CCD camera to measure tissue deformation. A preload of 5 N/m was 
applied to the samples in order to straighten the sutures.  Samples were subjected to eight 




response.  Following preconditioning, eight cycles of biaxial tension or biaxial strain 
were applied depending on tension or strain control experiment. The load and stretch in 
both directions from the last cycle were used for analysis.  
 
Figure 2.1: Picture of the planer biaxial tensile tester showing the sample cannulated on the stainless 
steel cannulas with sutures. 
Two assumptions were made for data analysis in planar biaxial testing. (1) Plane 
stress is assumed considering the thickness of the sample was small compared to its side 
length and width. (2) Incompressibility was commonly assumed for soft biological tissues 
under transient loading so that the volume of the sample is preserved during loading. 







    (2.1) 
where 𝜎> is Cauchy stress, 𝐹> is the applied load, 𝐿>A is the initial side length, and 𝑡 is the 
initial thickness of the tissue. 𝜆>  is stretch, which was calculated as 
:D
:D<
, where Li is the 





2.2.2 Pressure Diameter Test 
 To characterize the mechanical response of mouse carotid arteries, segments of 
artery about 6 mm in length were tested on a pressure myograph (DMT, 110P) which 
allows the intraluminal pressure and axial force to be measured during the testing (Figure 
2.2). The samples were carefully cannulated and kept in PBS bath at room temperature 
during mechanical testing. The arteries were pre-stretched to an ex vivo length in the 
longitudinal direction. The samples were preconditioned for repeatable mechanical 
response via 3 cycles of pressurization from 0 to 140 mmHg while maintained at ex vivo 
length followed by 3 cycles of axial stretching from 1× to ex vivo length while 
maintained at 50 mmHg. After preconditioning, mechanical testing was performed by 
increasing intraluminal pressure from 0 to 120 mmHg with 10 mmHg increments. The 
change of outer diameter was monitored by a CCD camera mounted on a microscope. 
 
Figure 2.2: Picture of the pressure-diameter tester showing the sample cannulated on the stainless 




From thin wall assumption, the mean values of the circumferential and 










     (2.3) 
 
where 𝑑> and 𝑑R are the deformed inner and outer diameter and 𝐷>, 𝐷R and 𝜆J are the 
unloaded inner and outer diameter and axial stretch ratio. The axial stretch ratio 𝜆J was 
defined as the ratio of the length of the artery in mechanical test and the ex vivo unloaded 
length. 𝐹T is the axial force measured by force transducer and P is inner pressure. 
 
2.3 Controlled peeling test 
A small incision was initiated through the center of the sample. The sample was 
then split at the incision to get two tongues of about 10 mm long for clamping. The 
distance from the separation point to the other end (effective length) was measured using 
a digital caliper. Sandpapers were glued to both sides of the tongues to prevent the 
slippage between the sample and the clamps. Peeling test was performed on Instron 5800 
uniaxial tensile tester with a 10N load cell at room temperature. The extension rate was 
set to be 0.2 mm/s which is within the range of dissection speeds suggested by van 
Baardwijk and Roach (van Baardwijk & Roach, 1987). The measured force and 
displacement during the extension were recorded. The experiment set up is shown in 





Figure 2.3: Representative image of a circumferentially oriented elastin network strip sample during 
a peeling test 
 Dissection energy, i.e. the energy required to propagate the dissection, was used 
to quantify the peeling properties of tissue in this study (Sommer, Gasser, Regitnig, Auer, 
& Holzapfel, 2008). During the peeling process, the external work in both directions can 
be calculated as: 
𝑊VW9 = 2𝐹𝑙     (2.4) 
where F is the mean force per unit width, l is the length of the tissue right before 
separation. The external work can be decomposed into two parts: the elastic stored 
energy, Welastic, and dissipated dissection energy, Wdissect (Sommer et al., 2008). The 
dissection energy per reference area can then be determined as: 




By assuming linear relationship between stress and strain, the elastic stored energy can be 
estimated as mean force per width multiplied by the change in tissue length: 
𝑊V\]Y9>Z = 𝐹(𝑙 − 𝐿)        (2.6) 
where L is the initial length of tissue.  
	
2.4 Multiphoton Microscopy (MPM) 
 Multiphoton microscopy has the ability to image the ECM architecture of 
biological tissues with minimal sample preparation (Green, Mansfield, Bell, & Winlove, 
2014), and has been employed to examine the structure of collagen and elastin fibers in 
various types of biological tissues such as skin, tendon, ligament and blood vessels (Wu 
et al., 2011)(Frisch et al., 2012)(Mattson, Turcotte, and Zhang 2016)(Zadrozny et al., 
2014). During multiphoton microscopy, second harmonic generation (SHG) signals from 
collagen and two-photon excited fluorescence (TPEF) signals from elastin can be 
collected simultaneously.  
Custom built devices that allow multiphoton imaging while the tissue undergoes 
biaxial stretching were used to study the structure changes of ECM during mechanical 





Figure 2.4:  Custom built tissue stretching device that allows multiphoton imaging while the tissue 
undergoes biaxial stretching.  A: planar biaxial stretcher (Chow et al., 2014); B: representative MPM 
image of elastin network from porcine aorta; C: pressure-diameter stretcher; and D: representative 




CHAPTER 3 TRANSMURAL VARIATION IN ELASTIN FIBER ORIENTATION 
DISTRIBUTION IN THE ARTERIAL WALL 
3.1 Overview 
 The complex three-dimensional elastin network is a major load-bearing 
extracellular matrix (ECM) component of an artery. Despite the reported anisotropic 
behavior of arterial elastin network, it is usually treated as an isotropic material in 
constitutive models. Our recent multiphoton microscopy study reported a relatively 
uniform elastin fiber orientation distribution in porcine thoracic aorta when imaging from 
the intima side (Chow et al., 2014). However it is questionable whether the fiber 
orientation distribution obtained from a small depth is representative of the elastin 
network structure in the arterial wall, especially when developing structure-based 
constitutive models. To date, the structural basis for the anisotropic mechanical behavior 
of elastin is still not fully understood. In this study, we examined the transmural variation 
in elastin fiber orientation distribution in porcine thoracic aorta and its association with 
elastin anisotropy. Using multi-photon microscopy, we observed that the elastin fibers 
orientation changes from a relatively uniform distribution in regions close to the luminal 
surface to a more circumferential distribution in regions that dominate the media, then to 
a longitudinal distribution in regions close to the outer media. Planar biaxial tensile test 
was performed to characterize the anisotropic behavior of elastin network. A new 
structure-based constitutive model of elastin network was developed to incorporate the 
transmural variation in fiber orientation distribution. The new model well captures the 




loading and showed improvements in both fitting and predicting capabilities when 
compared to a model that only considers the fiber orientation distribution from the intima 
side. We submit that the transmural variation in fiber orientation distribution is important 
in characterizing the anisotropic mechanical behavior of elastin network and should be 
considered in constitutive modeling of an artery. 
 
3.2 Introduction 
Elastin is one of the major extracellular matrix (ECM) components that imparts 
elastic property to an artery in order to accommodate cyclic physiological deformation. In 
elastic arteries such as aorta, elastin fibers in the medial layer form concentric layers of 
elastic lamellae. Each elastic lamella alternates with a layer of smooth muscle cells and 
collagen fibers forming a lamellar unit, which is considered as a functional unit of the 
arterial wall (Wolinsky & Glagov, 1967). It is believed that elastin dominants the passive 
behavior of arteries at low strains whereas collagen are progressively recruited at higher 
strains (Roach & Burton, 1957). Using multi-photon microscopy, Chow et al. (Chow, 
Turcotte, Lin, & Zhang, 2014) quantified the sequential engagement of elastin and 
collagen fibers in response to arterial deformation.  
Blood vessels are generally considered to be anisotropic (Zhou & Fung, 1997). 
Various forms of strain energy function have been developed, however the contribution 
of elastin to arterial wall mechanics is usually assumed to take isotropic forms, and the 
anisotropic response of arterial tissue usually comes from preferred collagen fiber 




al., 2004) (Zeinali-Davarani et al., 2013). Several recent studies attempt to account for the 
anisotropic mechanical properties of elastin. Rezakhaniha and Stergiopulos (Rezakhaniha 
& Stergiopulos, 2008) considered a model with one family of axially oriented fibers 
embedded in an isotropic matrix to model elastin as a transversely isotropic material. Zou 
and Zhang (Y. Zou & Zhang, 2009) developed a  statistical mechanics-based hyperelastic 
anisotropic constitutive model to study purified elastin network. Kao et al. (Kao et al., 
2011) used an orthotropic representation that consists of two orthogonal families oriented 
in the axial and circumferential directions distributed in a matrix. Rezakhaniha et al. 
(Rezakhaniha et al., 2011) assumed a model with elastin fibers oriented in the 
circumferential direction and a better model predictability was reported. Wang et al. 
(Wang et al., 2016) considered the unique contribution of elastin, medial collagen, and 
adventitial collagen fibers in a structure-based constitutive model of the arterial wall that 
incorporates fiber orientation and engagement of each ECM components (Y. Wang et al., 
2016).  
Natural biological tissues and tissue-derived soft biomaterial often exhibit 
pronounced mechanical anisotropy due to preferred fibrous orientation (Sacks, 2000). 
Ligaments and tendon have anisotropic behavior with a preferred direction that can be 
represented by transverse isotropy (Hoffmeister et al., 1996) (Ono et al., 1990)(Weiss et 
al., 1996). Fiber structure revealed from small angle light scattering technique was found 
to be consistent with the direction and the degree of mechanical anisotropy of canine 
diaphragmatic central tendon (Chuong et al., 1991). Canine myocardium exhibits 




Elastin network has been observed to have anisotropic mechanical behavior (Sherebrin et 
al., 1983)(Y. Zou & Zhang, 2009) (Lillie et al., 2010). The structural basis for the 
anisotropic mechanical behavior of elastin, however, is still not clear. In this study, we 
focus on the transmural variation in elastin fiber orientation distributions and the 
association with the anisotropic behavior of elastin network. Multiphoton microscopy 
was used to image purified medial elastin network from both sides as well as sections 
from various depths to capture the transmural variation in elastin fiber distribution. Equi- 
and nonequi-biaxial tensile tests were performed on purified elastin network to 
characterize its mechanical behavior. Finally a structure-based constitutive model was 
developed to incorporate the measured elastin fiber distributions from the inner, middle, 
and outer media for the mechanical behavior of elastin network.  
 
3.3 Material and methods 
3.3.1 Sample preparation 
Descending Thoracic aortas were harvested from pigs of 12-24 month of age at a 
local abattoir and transported to laboratory on ice. After removing of adhesive tissue and 
fat, samples of approximately 20 ´ 20mm square were cut with one edge parallel to the 
longitudinal direction and the other edge parallel to the circumferential direction of the 
artery. Purified elastin was obtained using a cyanogen bromide (CNBr) treatment to 
remove cells, collagen and other ECM components (Y. Zou & Zhang, 2009). Aorta 
samples were kept in 50 mg/ml CNBr in 70% formic acid at room temperature for 19 h, 




CNBr. Samples were rinsed in DI water and 1 ´ phosphate buffered saline (PBS) several 
times and placed in PBS for mechanical testing and imaging. 
3.3.2 Mechanical testing 
Equi- and nonequi-biaxial tensile tests were performed using a biaxial tensile 
testing device to characterize the anisotropic mechanical properties of elastin network 
following protocols described in Chapter 2. A total of six samples were tested. Particular 
experimental settings for this study include a preload of 5 N/m , eight cycles of equi-
biaxial tension of 40 N/m for preconditioning, and eight cycles of biaxial tension with 
fl:fc = 100:100, 100:75, and 75:100 N/m were applied to achieve repeatable mechanical 
response, where fl and fc refers to tension in the longitudinal and circumferential 
directions, respectively. Here tension is calculated as force divided by the side length of 
the sample where the force is applied.  
3.3.3 Multiphoton microscopy 
A multiphoton microscopy system (Carl Zeiss LSM 710 NLO) with a 810 nm 
femtosecond IR pulse laser excitation was used to generate two-photon excited 
fluorescence (2PEF) from elastin (525/45 nm). Laser power at the sample was set to 25 
mW to minimize thermal effects. The laser scanning system is coupled to an upright 
microscope with a 20 ´ water immersion objective lens. Each sample was imaged with a 
field view of 425 ´ 425	𝜇𝑚 at five locations to obtain average structural properties of the 
samples. A total of six samples were imaged. Samples were placed with longitudinal 




circumferential (C) and longitudinal (L) directions, respectively. Samples were imaged 
from both sides to assess the inner and outer medial elastin, which was referred to as 
inner media and outer media throughout the study. Regions between the inner and outer 
media were referred to as middle media. A custom-built device was used that allows the 
elastin samples to be imaged while under biaxial strain (Chow et al., 2014). The samples 
were imaged from the intimal side when subjected to up to 30% equi-biaxial strain at 
10% increments. To examine elastin fiber reorientation under nonequi-biaxial 
deformation, samples were imaged at strains of 0%C–0%L, 30%C–30%L, 15%C–30%L, 
30%C–15%L, where the strains represent grip-to-grip engineering strain. The elastin 
samples were then frozen, and from 400 𝜇𝑚 beneath intima surface, three ~100 µm thick 
sections were cut in parallel to the intima surface using a microtome (MICROM cryostat 
HM 525). The sections were collected on slides for imaging. Samples were imaged to a 
depth of about 40	𝜇𝑚 with scans every 2 µm. Maximum intensity projections of the Z-
stacks were produced for further analysis. Sections of about 100 µm in thickness were 
also prepared to image the circumferential cross-sectional structure of the elastin 
network. 
3.3.4 Imaging analysis 
Two-dimensional fast Fourier transform (2D-FFT) analysis using the 
Directionality plug-in (developed by Jean-Yves Tinevez) in FIJI (http:/Fiji.sc/Fiji, 
Ashburn, VA) was performed on 2PEF images to determine fiber orientation distribution, 
following developer’s instructions. The fiber orientation in the spatial frequency space 




fibers at angles from -90° to 90° at 2° increment (Chow et al., 2014). Each sample was 
imaged at five locations that cover about 1cm2 area. Average fiber orientation 
distributions from six samples, or 30 locations, were obtained and used for constitutive 
modeling. 
The fiber orientation ratio of circumferentially to longitudinally oriented fibers, 
defined as the number of circumferential fibers (oriented between 0° ± 20°) divided by 
the number of longitudinal fibers (oriented between 90° ± 20°), was calculated to 
compare the degree of fiber alignment. 
3.3.5 Constitutive modeling 
To account for transmural variation in elastin fiber orientation distribution, the 
elastin network was modeled using a constitutive model that incorporates the orientation 
distributions of elastin fibers 𝑅>(𝜃) (𝑖 = im, mm, om correspond to the inner, middle, and 
outer medial elastin, respectively) at different transmural depths. The total strain energy 
function is the sum of strain energy function at the inner, middle, and outer medial elastin 
and can be written as: 
𝑊 = ∑ 𝑛>f>g5 ∫ 𝑤(𝜌)𝑅>(𝜃)𝑑𝜃
N =⁄
IN =⁄           (3.1) 
where 𝑤(𝜌) is the strain energy function at the fiber level, and ni is the elastin content of 
each elastin region (Y. Wang et al., 2016). The elastin fiber is model as an entropy-based 
freely-jointed chain, based on non-Gaussian statistics for large deformation, the strain 










where 𝑁 is the number of rigid links within each chain, 𝜌 is the normalized deformed 
chain length and is related to fiber-level Green–Lagrange strain 𝜀 by 𝜌 = 𝑃√2𝜀 + 1, and 
𝑃 = √𝑁 is the normalized undeformed chain length. 𝛽p = ℒI5(𝜌 𝑁⁄ ), where ℒ(𝑥) =
coth𝑥 − 1/𝑥 is the Langevin function. 𝑘 = 1.38 × 10I=fJ/K is Boltzmann's constant, 
and Θ = 298𝐾 is the absolute temperature.  
For comparison, elastin network was also modeled using a constitutive model that 
only incorporates the fiber orientation distribution from the inner media (Y. Wang et al., 
2016), which does not consider the transmural variation in fiber orientation distribution. 
The strain energy function of the elastin network in this case can be written as:  
𝑊 = 𝑛∫ 𝑤(𝜌)𝑅>(𝜃)𝑑𝜃
N =⁄
IN =⁄                                                     (3.3) 
The Cauchy stress can then be obtained from 𝛔 = 𝐽I5𝐅𝐒𝐅, where 𝐒 = 𝜕𝑊/𝜕𝐄 is 
the second Piola-Kirchhoff stress, F is the deformation gradient, and 𝐽 = det	(𝐅). In the 
freely-jointed chain model (Equation 3), material parameter N is related to the length of 
molecular chains between cross-links at the micro-level. It dictates the extensibility of the 
material at the tissue level. A more extensible material is expected to be less cross-linked 
and thus has a larger N. In Equations (3.1) and (3.3), material parameter n is the chain 
density per unit volume, and is related to the elastin content, and the initial stiffness of the 
material. More detailed dissuasions on the physical meanings of the material parameters 
and their interdependence in determining the tissue mechanical properties can be found 





3.3.6 Parameter estimation 
Material parameters were estimated by minimizing the difference between the 
computed Cauchy stress from constitutive models, 𝜎Z,	and the stress obtained from the 
experiment, 𝜎V , in the form of the following objective function, 
 𝐸 = ∑ [(𝜎55Z − 𝜎55V )>= + (𝜎==Z − 𝜎==V )>=]>g5        (3.4) 
where k is the number of data points, and subscripts 1 and 2 correspond to the 
longitudinal and circumferential directions of the sample, respectively. The objective 
function is minimized using the Nelder-Mead direct search method implemented in the 
fminsearch function in Matlab (version R2013b, The MathWorks, Inc.) (Zeinali-Davarani 
et al., 2015). 
 The proposed model has four material parameters: ni (i=im, mm, om), and N. A 
penalty approach was employed to reinforce constraints and to ensure the model 
parameters have physiological meanings. Based on the image of the cross sections of 
elastin network (Figure 3.1), the content of elastin that forms the inner and outer media 
was assumed to be much smaller than the content of elastin from the middle media, 
therefore, we assumed that  
0.05𝑛 < 𝑛>, 𝑛R < 0.25𝑛     (3.5) 
The model that only incorporates the fiber orientation distribution from the 
intimal side has two material parameters, n and N. In addition, it was also assumed that N 
> 1. To determine the material parameters, the stress-stretch responses from the model 
were fit to the biaxial-tensile testing data. To assess the fitting and predicting capabilities 




tension fl:fc = 100:100, 100:75, and 75:100 N/m. We then fit the model to two sets of 
nonequi-biaxial tension fl:fc = 100:75 and 75:100 N/m, and use the obtained model 
parameters to predict the mechanical behavior of elastin network under equi-biaxial 
tension fl:fc = 100:100 N/m. To measure of the goodness of fitting and predication, the 




      (3.6) 
where q is the number of parameters in the model, m is the number of data points, E is the 
objective function defined by Equation (3.4), and 𝜎£V¤ is the sum of experimental Cauchy 
stresses for each stress-stretch curve divided by the number of data points m. 
3.3.7 Statistical analysis 
Experimental data were presented as mean ± standard error of the mean (SEM). 
The ratios of circumferential to longitudinal fibers at various depths were compared using 
one-way analysis of variance. p < 0.05 is considered statistically significant with post hoc 
testing using the Tukey’s method to adjust for multiple comparisons (Statistical analysis 
was performed using the JMP statistical package.) 
 
3.4 Results 
 Elastin fibers form concentric layers of elastic lamellae in the medial layer of the 
arterial wall, as shown in the circumferential cross-sectional 2PEF images in Figure 3.1. 
The images reveal transmural changes in the organization of elastin fibers within the 




surface of the medial elastin appear as discontinuous circular dots, implying the fibers are 
aligned longitudinally. Within the middle media, i.e., regions between the inner and outer 
media, elastin fibers appear as continuous lines, implying the fibers are aligned 
circumferentially. It is also apparent that the inner and outer media is much thinner 
compared to the middle media.  
 
Figure 3.1: Multiphoton images showing the circumferential cross-sectional view of elastin network. 
The images reveal transmural changes in the organization of elastin fibers in the outer, middle, and 
inner media.  
 
The transmural variations in the distribution of elastin fibers are further revealed 




Figure 2, images taken from the inner and outer media, i.e., locations 1 and 5, show 
obvious differences from images taken from the middle media, i.e., locations 2, 3 and 4.  
 
Figure 3.2: Multiphoton images showing the distribution of elastin fibers in the inner media (1), 
middle media (2, 3, 4), and outer media (5). Here L refers to longitude; and C refers to 
circumference. 
The fiber orientation distributions were quantified with results shown in Figure 
3.3. In inner media, elastin fibers are relatively uniformly distributed with slightly more 
fibers aligned in longitudinal direction, as shown by the appearance of small peaks 
toward ± 90° in Figure 3.3a. In middle media, elastin fibers are dispersed around the 
circumferential direction. In outer media, elastin fibers uniformly align in the longitudinal 
direction. The fiber orientation ratios of circumferentially to longitudinally oriented fibers 
are 0.6405 ± 0.1109, 3.1537 ± 0.3926, and 0.2248 ± 0.0339 for inner, middle, and outer 




distributions between inner and middle media, as well as between middle and outer media 
(p < 0.05).  
 
Figure 3.3: (a) Transmural variation in elastin fiber orientation distribution in the inner, middle, and 
outer media with 0° being the circumferential and 90° being the longitudinal direction. (b) Ratio of 
circumferentially to longitudinally distributed elastin fibers in the inner, middle, and outer media (*p 
< 0.01). 
Representative multiphoton images of elastin network at inner media during equi-




when unloaded, and don’t show obvious straightening or reorientation under biaxial 
strain up to 30%. FFT analyses of elastin fiber orientation distribution under equi- and 
nonequi- biaxial strain are shown in Figure 3.5. Elastin at inner media does not appear to 
have a change in fiber orientation in respond to biaxial deformation. Although not shown 
here, no significant changes were observed in fiber orientation ratio of circumferential to 
longitudinal fibers form both equi- and nonequi- biaxial loading.  
 
Figure 3.4: Multiphoton images of elastin fibers in the inner media while the elastin network was 
subjected to equi-biaxial strain from 0% to 30% with an increment of 10%. Here L refers to 







Figure 3.5: Three-dimensional plot showing elastin fiber orientation distribution in the inner media 
while the elastin network was subjected to biaxial strain of 0%C–0%L, 15%C–30%L, 30%C–15%L, 
and 30%C–30%L. The x- axis represents the fiber angle with 0° being the circumferential and 90° 
being the longitudinal direction; and the y- axis indicates the biaxial strain. 
In order to explore whether the elastin purification process causes any changes in 
the structure of elastin network, in Figure 3.6 we compared the fiber orientation 
distribution of elastin fibers in the purified elastin network with that in the arterial tissue 
(Chow et al., 2014). There is a slight increase in the longitudinally oriented fibers in the 
purified elastin network, however overall the fibers remain uniformly distributed. Further 
quantification of the ratio of circumferentially to longitudinally distributed fibers shows 





Figure 3.6: Comparison of elastin fiber orientation distribution in purified elastin network and intact 
artery (Chow et al., 2014) in the unloaded condition with 0° and 90° being the circumferential and 
longitudinal direction, respectively. 
 Figures 3.7 and 3.8 show the representative stress-stretch responses of elastin 
under equi- and nonequi-biaxial tension as well as results from constitutive modeling. In 
Figure 7, three sets of experiment data (one equi-biaxial and two nonequi-biaxial tension, 
fl:fc = 100:100, 100:75, and 75:100 N/m) were fitted simultaneously. In Figure 8, the 
model was fit to two sets of nonequi-biaxial tension data and predications of the stress-
stretch behavior under equi-biaxial tension were made to assess the model predictability. 
To quantify elastin anisotropy, the circumferential and longitudinal stretches at 80kPa 
from equi-biaxial tension were compared for the six samples tested. The circumferential 
stretch is significantly lower than the longitudinal stretch (1.0747±0.0082 vs. 
1.1181±0.0114, p < 0.05), implying that the elastin network is stiffer in the 





Figure 3.7: Cauchy stress vs. stretch in the circumferential (Circ) and longitudinal (Long) directions 
of sample 5 in Tables 1 and 2 when fitting three sets of biaxial testing data using (a) the proposed 
model in Equation (2) that considers transmural variation in elastin fiber orientation distribution, 
and (b) a model that considers only fiber orientation distribution in inner media in Equation (4). 





Figure 3.8: Cauchy stress vs. stretch in the circumferential (Circ) and longitudinal (Long) directions 
of sample 5 in Tables 1 and 2 when fitting two sets of nonequi-biaxial testing data fl:fc = 75:100 and 
100:75 N/m, and predicting equi-biaxial testing data fl:fc = 100:100 N/m using (a) the proposed model 
in Equation (2) that considers transmural variation in elastin fiber orientation distribution, and (b) a 
model that considers only fiber orientation distribution in inner media in Equation (2). Symbols 
represent experimental measurements and lines represent modeling results.  
  The anisotropic mechanical behavior of elastin is well described by the structure-
based model that considers the transmural variation in elastin fiber distribution (Figures 
3.7a and 3.8a). However only accounting for elastin fiber orientation distribution from 
the inner media results in poor fitting capabilities (Figures 3.7b and 3.8b). Tables 3.1 and 
3.2 summarize the model parameters, and fitting and predicting errors. When fitting three 
sets of experiment data, the model that only considers the elastin fiber orientation 




0.3940±0.0550, which is significantly higher than 0.1103±0.0112, when the transmural 
variation in elastin fiber distribution is considered (p<0.05). Similar RMS for each model 
was obtained when fitting two sets of nonequi-biaxial tension data. The predictive 
capability is also significantly improved in when considering the transmural variation 
with RMS being 0.1311±0.0085 compared to 0.4018±0.061 when only the elastin fiber 
orientation distribution at inner media was considered (p<0.05). The estimated value 
𝑛 for middle media elastin content was nearly one order of magnitude higher than 𝑛> 
and 𝑛R, indicating that the stress-stretch contribution of middle medial elastin is much 
higher than inner and outer medial elastin.  
Table 3.1. Summary of model parameters, 𝒏𝒊𝒎 , 𝒏𝒎𝒎  and 𝒏𝒐𝒎 , and N, and fitting (Errorf) and 
predicting (Errorp) errors from the proposed model that considers transmural variation in elastin fiber 
orientation distribution. Parameters 𝒏𝒊𝒎, 𝒏𝒎𝒎 and 𝒏𝒐𝒎 correspond to elastin content in inner, middle 
and outer media, respectively. 
Sample 
number 𝒏𝒊𝒎  𝒏𝒎𝒎 𝒏𝒐𝒎 𝑵 𝐄𝐫𝐫𝐨𝐫𝒇 𝐄𝐫𝐫𝐨𝐫𝒑 
Fitting equi- and nonequi- biaxial testing simultaneously 
1 1.42 × 10=K 2.84 × 10=K 1.42 × 10=K 1.4039 0.1453	 -	
2 5.38 × 10=f 9.68 × 10=K 5.38 × 10=f 1.9054 0.1125	 -	
3 1.45 × 10=K 3.85 × 10=K 5.16 × 10=f 1.5252 0.1189	 -	
4 8.88 × 10=f 1.60 × 10=± 8.88 × 10=f 1.8325 0.1273	 -	
5 1.66 × 10=K 4.45 × 10=K 5.28 × 10=f 1.5047 0.0682	 -	
6 6.17 × 10=f 1.11 × 10=± 6.17 × 10=f 1.7491 0.0899	 -	
Mean 1.10 × 10=K 7.98 × 10=K 7.51 × 10=f 1.6535 0.1103	 -	
SEM 1.94 × 10=f 2.10 × 10=K 1.45 × 10=f 0.0828 0.0124	 -	
Fitting nonequi-biaxial testing and predicting equi-biaxial testing 	
1 1.22 × 10=K 2.44 × 10=K 1.22 × 10=K 1.3712 0.1710	 0.1266	
2 5.64 × 10=f 1.01 × 10=± 5.64 × 10=f 1.9670 0.1170	 0.1177	
3 1.74 × 10=K 4.59 × 10=K 6.34 × 10=f 1.6054 0.1333	 0.1154	
4 7.72 × 10=f 1.39 × 10=± 7.72 × 10=f 1.7150 0.1204	 0.1610	
5 1.59 × 10=K 4.06 × 10=K 7.00 × 10=f 1.4865 0.0569	 0.1126	
6 4.75 × 10=f 8.54 × 10=K 4.74 × 10=K 1.5991 0.0736	 0.1531	
Mean 1.06 × 10=K 7.28 × 10=K 7.27 × 10=f 1.6240 0.1120	 0.1311	




Table 3.2. Summary of model parameters, n and N, and fitting (Errorf) and predicting (Errorp) 
errors from model that only considers elastin fiber orientation distribution from inner media.  
Sample  
number 𝒏 𝑵 𝐄𝐫𝐫𝐨𝐫𝒇 𝐄𝐫𝐫𝐨𝐫𝒑 
Fitting all equi- and nonequi- biaxial testing simultaneously	
1 6.21 × 10=K 1.4195 0.1667	 -	
2 1.34 × 10=± 2.9042 0.4636	 -	
3 1.21 × 10=± 1.7165 0.3614	 -	
4 7.74 × 10=K 1.5941 0.5233	 -	
5 1.25 × 10=± 1.9605 0.3394	 -	
6 5.46 × 10=K 1.5551 0.5099	 -	
Mean 8.84 × 10=K 1.8583 0.3940	 -	
SEM 1.36 × 10=K 0.2220 0.0550	 -	
Fitting nonequi-biaxial testing and predicting equi-biaxial 
testing	
1 6.14 × 10=K 1.4183 0.1830	 0.1380	
2 1.32 × 10=± 3.0953 0.4678	 0.4570	
3 1.21 × 10=± 2.0886 0.3676	 0.3378	
4 6.48 × 10=K 1.5152 0.5513	 0.4977	
5 6.03 × 10=K 1.5028 0.3445	 0.4228	
6 5.49 × 10=K 1.5234 0.5147	 0.5574	
Mean 8.24 × 10=K 1.8573 0.4048	 0.4018	
SD 1.41 × 10=K 0.2666 0.0553	 0.0607	
 
3.5 Discussion 
Altered elastin network is associated with vascular remodeling processes in many 
pathological conditions (Wagenseil et al., 2009)(Maiellaro-Rafferty et al., 2011). 
Understanding the organization of elastin fibers in arteries and its connection with the 
mechanical behavior of an artery is essential for understanding the mechanisms of 
vascular remodeling. Our study shows there is a unique transmural variation in the 
orientation distribution of elastin fibers through the medial layer of the arterial wall. A 
structure-based constitutive model was created to incorporate the transmural variation of 




when compared to the model that only considers fiber orientation distribution from the 
inner media. This is the first study that transmural structural inhomogeneity is considered 
in order to understand the structure and anisotropic mechanical function of elastin 
network in the arterial wall.  
Multiphoton imaging at multiple transmural locations reveals that the orientation 
of elastin fibers changes from relatively uniformly aligned in the inner media to 
circumferentially aligned in the middle media, then to longitudinally aligned in the outer 
media (Figure 3.3). The middle media with circumferentially oriented elastin fibers 
appears to be much thicker than the inner and outer media (Figure 3.1). Alternations in 
elastin fiber orientation in the arterial wall was reported earlier from studies using 
electron microscopy (Clark & Glagov, 1985) (Farand et al., 2007). It was also observed 
that the smooth muscle cells follow a similar transmural distribution as the elastin fibers 
(Clark & Glagov, 1985). This distinct transmural variation in fiber orientation helps to 
accommodate the complex loading in the artery. The axially oriented fibers from the 
intima side support the shear stress from blood flow in the longitudinal direction, while 
the thicker middle media elastin oriented in the circumferential direction bears the 
pulsatile load in the circumferential direction (Clark & Glagov, 1985) (Farand et al., 
2007). Axially aligned elastin fibers in the outer media, however, play a role in 
transmitting axial shear stress from organ movement and tethering by adventitia and 
branches to media (Clark & Glagov, 1985).  
The elastin in this study are purified medial elastin network obtained from CNBr 




& Zhang, 2009). As elastin fibers are dispersed in the adventitia in the form of randomly 
oriented fiber strands (Fata et al., 2013), it is expected that elastin fibers in the adventitia 
were removed along with the removal of adventitial collagen. The elastin fibers in the 
medial layer form dense concentric layers of elastic lamellae. If any adventitial elastin 
fibers are present, they should be easily distinguished. Figure 7 shows that the elastin 
fibers in the purified elastin network are slightly more longitudinally orientated than the 
elastin fibers in the intact artery.  This may result from the removal of predominantly 
circumferentially oriented medial collagen fibers (Chow et al., 2014). 
The structural basis of the anisotropic mechanical behavior of elastin is not very 
well understood. Previous study ascribed the anisotropy of elastin network to fiber 
reorientation (Ronchetti et al., 1998) (Rezakhaniha & Stergiopulos, 2008) and the 
intralamellar elastin fibers orientating in the circumferential direction (Rezakhaniha et al., 
2011). Our study suggested that the elastin fiber network does not show obvious 
structural changes under deformation (Figures 3.4 and 3.5). Similar behavior were shown 
by Chow et al. (Chow et al., 2014) and Fata et al. (Fata et al., 2013) of elastin fibers in 
intact arteries.  Timmins et al. (Timmins et al., 2010) suggested that the nonlinear, 
anisotropic mechanical response for vascular tissue is a direct result of fiber orientation. 
Using Multiphoton microscopy, elastic fibers in large arteries were reported to have a 
relative uniform distribution (Chow et al., 2014) (Fata et al., 2013). It is important to note 
here that due to laser penetration limits, imaging of elastin network was achieved from 
the intimal side of the arterial wall with a maximum depth of 200 um (Chow et al., 2014) 




wall thickness (~1.5 mm). It is thus questionable whether the fiber distribution obtained 
from such a limited imaging depth from the intimal surface is representative of the tissue 
structure. This is especially important when studying the alterations in ECM structures, 
and when developing structure-based constitutive models.  
In structure-based models, fiber orientation distribution usually is the only source 
of tissue anisotropy. This study, however, provides further understandings on the origin 
of the anisotropic behavior of elastin network. Besides fiber orientation distributions, 
transmural variation in fiber orientation distributions, and the proportions of the inner, 
middle and outer media regions in elastin plays an important role in determining tissue 
anisotropy. The dominated circumferentially oriented elastin fibers (Figure 3.1) explain 
well with the generally stiffer behavior in the circumferential direction of the elastin fiber 
network (Figures 3.7 and 3.8). Although not shown, we also found the fiber orientation 
distributions in the inner, middle, and outer media do not vary much among the samples. 
Previous studies (Lillie & Gosline, 2007) (Zou & Zhang, 2009) reported that the 
mechanical behavior of elastin network becomes increasingly anisotropic along the aorta 
from proximal to distal end. Such observation was speculated to be the result of more 
circumferentially oriented fibers in the distal tissue. It would be interesting to examine 
whether this regional variation in the mechanical behavior of elastin is related to the 
changes in the proportions of inner, middle and outer media along the aorta. Further, 
alterations in wall stresses have been reported to lead to alterations in wall thickness, 
composition and structural organization of medial elastin and collagen. (Rodbard, 1970) 




thickening of the intimal layer (Glagov et al., 1988). The transmural organization of 
elastin fibers and its association with arterial remodeling is unknown.  
Experimentally measured structural parameters from imaging, such as fiber 
orientation distribution, fiber angles, fiber crimping, and constituent volume fractions, 
can be incorporated directly into structure-based constitutive models to reduce the 
number of parameters and improve prediction accuracy (Hill et al., 2012) (Y. Wang et al., 
2016). By incorporating experimentally measured collagen fiber orientation distribution 
into the constitutive models, improvement in the predicting capability of the model was 
achieved without significant loss in the goodness of fit (Wan et al., 2012). The transmural 
fiber orientation distribution of collagen, another major ECM constituent, has been found 
to change from nonuniform distribution in subendothelial layer to circumferentially 
oriented in the media, and to helically arranged fiber families in the adventitia (Gasser et 
al., 2006). The small artery size allows measurements of transmural collagen fiber 
orientation distribution through multiphoton microscopy. The experimentally measured 
collagen fiber orientations through the thickness of mouse carotid arteries was considered 
by using a four-fiber family model (Wan et al., 2012).  
While there are wide studies on structurally-based models considering collagen 
fiber microstructural organization (Wan et al., 2012), only a few models attempted to 
incorporate elastin network anisotropy. By considering an anisotropic strain energy 
function for elastin in the artery, better fitting of mechanical behavior of artery was 
achieved (Rezakhaniha & Stergiopulos, 2008) (Rezakhaniha et al., 2011). A model with 




biomechanical behavior of arterial wall (Rezakhaniha & Stergiopulos, 2008). 
Considering the transmural variation in medial elastin, the directly measured fiber 
orientation distributions from inner, middle and outer media were incorporated into the 
structure-based constitutive model (Figure 3.3). Since the change of fiber orientation with 
deformation was not significant (Figures 3.4 and 3.5), fiber orientation distribution at 
unloaded state (0%C–0%L) was employed, and realignment of elastin fibers under 
mechanical loading was not considered in our model. By considering the transmural 
elastin fiber distribution, the structure-based model showed improved fitting and 
predicting capability (Tables 3.1 and 3.2).  
 
3.6 Limitations 
Multiphoton imaging has emerged as a promising approach to study and quantify 
the structural of ECM fibers with minimal sample preparation. However the imaging 
depth is limited by laser penetration, and thus interpretation of the results should be 
conducted carefully. Fiber structure during mechanical loading examined in this study is 
limited to elastin fibers from the inner media. Changes in fiber orientation distribution in 
the middle and outer media are unknown. Material parameter N is assumed to be the 
same for inner, middle, and outer media. It is possible that the molecular arrangement of 
elastin is different in different locations so that N would be different in each region. 
Material parameters that produce the best fit to the stress-stretch curve are generally not 
unique. This is a common limitation of the fminsearch function in MATLAB that 




on constraints to model parameters (Equation 3.5), and ensure material parameters to be 
obtained within a physiologically meaningful range. However even with the defined 
constraint, the solutions may still not be unique as the initial guess plays an important 
role as well. While it is obvious that the middle media is much thicker than the inner and 
outer media; it is difficult to quantify the thickness of each region from the cross-
sectional view in Figure 1. Thus the elastin content in each region was kept as a free 
parameter, but satisfied a constraint defined by Equation 3.5. However please note that 




Our study shows there is a transmural variation in the orientation distribution of 
elastin fibers through the medial layer of the arterial wall. The orientation of elastin fibers 
changes from slightly longitudinally aligned in the inner media to circumferentially 
aligned in the middle media, then to longitudinally aligned in the outer media. 
Considering the transmural structural inhomogeneity is important when understanding 
the structure and function of elastin network in the arterial wall. Our study suggests fiber 
orientation is the main source of elastin anisotropy, which arises from the dominated 
circumferentially orientated elastin fibers in the middle media. The transmural variation 
in fiber orientation distributions, and the proportions of the inner, middle and outer media 
regions in elastin needs to be considered in structure-based constitutive modeling of 




captures the anisotropic behavior of elastin network during equi- and nonequi-biaxial 
mechanical loading. The current study provides new understandings on the transmural 
variations in elastin fiber distribution, which is essential in accommodating the complex 
loading in the artery, and should be included in constitutive modeling to study the 





CHAPTER 4 MICROMECHANICS OF ELASTIC LAMELLAE 
4.1 Overview 
 Microstructural deformation of elastic lamellae plays important roles in 
maintaining arterial tissue homeostasis and regulating vascular smooth muscle cell fate. 
Our study unravels the underlying microstructural origin that enables elastic lamellar 
layers to evenly distribute the stresses through the arterial wall caused by intraluminal 
distending pressure, a fundamental requirement for tissue and cellular function. A new 
experimental approach was developed to quantify the spatial organization and unfolding 
of elastic lamellar layers under pressurization in mouse carotid arteries by coupling 
physiological extension-inflation and multiphoton imaging. Tissue-level circumferential 
stretch was obtained from analysis of the deformation of a thick-walled cylinder. Our 
results show that the unfolding and extension of lamellar layers contribute simultaneously 
to tissue-level deformation. The inner lamellar layers are wavier and unfold more than the 
outer layers. This waviness gradient compensates the larger tissue circumferential stretch 
experienced at the inner surface, thus equalizing lamellar layer extension through the 
arterial wall. Discoveries from this study reveal the importance of structural 
inhomogeneity in maintaining tissue homeostasis through the arterial wall, and may have 
profound implications on vascular remodeling in aging and diseases, as well as in tissue 






Elastic fiber is an extracellular matrix (ECM) constituent that endows many 
connective tissues of vertebrates with unique mechanical and biological functionality 
(Wolinsky & Glagov, 1964). In arteries, elastic fibers form concentric layers of elastic 
lamella that are subjected to billions of stretch cycles during a lifetime. Alternating layers 
of smooth muscle cells anchor on either side to the adjacent lamellar layers through 
elastin extensions that forms a contractile-elastic lamellar unit (Davis, 1993), (Baldock et 
al., 2011). It has been well documented that organized elastic lamellar units are crucial 
for vascular smooth muscle cells (VSMCs) to maintain their quiescent and contractile 
states (Curran et al., 1993; A K Ewart et al., 1994; Amanda K. Ewart et al., 1993; S Ito et 
al., 1997; Shigeki Ito et al., 1998; Karnik et al., 2003; D Y Li et al., 1998; Dean Y. Li et 
al., 1997, 1998; Tassabehji et al., 1997; Urbán et al., 2000, 2002; Yamamoto et al., 1993). 
Disruption of elastic fibers leads VSMCs to dedifferentiate, migrate, proliferate, and 
occlude arteries (Brooke et al., 2003). 
 The lamellar units support and evenly distribute the stresses in the arterial wall 
caused by intraluminal distending pressure and plays an important role in maintaining 
tissue homeostasis (Wolinsky & Glagov, 1964). Wall stress distribution can alter the 
local permeability and pressure gradient, which governs many important physiological 
events (Chuong & Fung, 1986). Early studies found that the number of aortic lamellae 
layers is linearly proportional to the artery diameter, with a few layers for mouse while 
more than 50 layers for human (Wolinsky & Glagov, 1967). According to the law of 




pressure. Considering that the species variation in mean blood pressure is quite small 
compared with the range of wall diameters, the average tension in each lamellae layer 
was suggested to be about same regardless of species (Wolinsky & Glagov, 1967). These 
earlier insightful findings pointed out the important role of elastic lamella as a 
fundamental functional unit in biology, however it is still unclear as how the highly 
ordered concentric lamellar layers in the arterial wall are able to evenly distribute the 
stress radially through the arterial wall. Stress analysis of a homogeneous thick 
cylindrical wall subjected to intraluminal pressure showed that the inner luminal surface 
experiences higher wall stress/strain than the outer surface of the arterial wall (Gerhard 
A. Holzapfel et al., 2000). Findings in the 1960s suggest the existence of residual stress 
in an artery even when there is no distending pressure (Bergel, 1960), although the origin 
of residual stress is still not well understood. Since then, residual stress was considered in 
numerous computational models by including a stress-free configuration, which induces a 
negative stress gradient in the arterial wall with negative stress at the lumen surface 
(Chuong & Fung, 1986). With such phenomenological compensation, a more evenly 
distributed wall stress can be achieved, however up to date, there is no understanding on 
whether there are any structurally build-in mechanisms to enable the elastic lamellar 
layers in the arteries to accommodate the pulsatile blood flow and evenly distribute the 
wall stress transmurally.  
 The role of ECM in maintaining vascular homeostasis cannot be overstated. 
Waviness of elastic lamellae was noticed in transverse histological section of arterial 




structure of elastic lamellae relying on histological analysis of biological tissue found that 
the elastic lamellar layers uncoil when subjected to deformation (Dobrin, 1999; Sokolis et 
al., 2006). However tissue fixation, histological preparation, and tissue retraction upon 
removal of mechanical loading may alter the structure of ECM (Sokolis et al., 2006), 
(Hrapko et al., 2008), (Martinez et al., 2013). Moreover, the three-dimensional (3D) 
architecture of elastic lamellae cannot be captured by single histological slices. The 
micromechanics of elastic lamellae at physiological loading are not fully understood 
(Green et al., 2014) and to date the local deformation at lamellar level have not been 
measured directly.   
 Here, we studied the micromechanics of elastic lamellae layers through integrated 
3D multiphoton imaging, tissue-level mechanical characterization, and constitutive 
modeling. Multiphoton microscopy was used to visualize the microstructural deformation 
of elastic lamellae in mouse carotid arteries under physiological pressurization and axial 
stretching. The 3D structure of the elastic lamellae was reconstructed in order to analyze 
its spatial distribution and unfolding under biaxial mechanical loading. Combined with a 
structurally motivated constitutive model that considers thick-walled cylindrical 
deformation, our study investigates the structural basis underlying the micromechanics of 
elastic lamellae and its relationship with tissue-level vascular mechanics. By combining 
the deformation of elastic lamellae and constitutive modeling, we developed a new 
approach to quantify the local deformation of elastic lamellae and discovered the 





4.3 Material and methods 
4.3.1 Sample preparation 
All animal experimental procedures were approved by the institutional animal 
care and use committee at Boston University Medical Campus. 8-weeks old wild type 
C57BL/6J mice were used for this study. Carotid arteries were isolated and dissected free 
of connective tissue. Carotid segments about 5 mm long (n = 7) were sectioned  from the 
arteries. Four samples were used for imaging and three samples were used for mechanical 
testing. Samples were maintained at 4°C in 1× phosphate buffered saline (PBS) and 
imaged within 24 hours of harvesting.  
4.3.2 Multiphoton imaging 
A mode-locked Ti:sapphire laser (Maitai-HP, excitation wavelength 800 nm, 
Spectra-Physics, Santa Clara, CA) was used to generate second-harmonic generation 
from collagen at 400 nm (417/80 nm) and two-photon-excited fluorescence from elastin 
(525/45 nm), as we previously described(Chow et al., 2014). The laser power was set to 
80 mW to image as deep as possible without causing saturation of the two-photon excited 
fluorescence from elastin at external elastic lamella. 
A custom-made tissue stretching-inflation chamber was made that allows biaxial 
stretching-pressurization deformation while the artery was being imaged (Figs. 4.1A and 
4.1B). Briefly, each arterial segment was cannulated and secured on stainless steel 
cannulas with 6-O suture and immersed in PBS solution bath at room temperature during 




in the artery was measured with a pressure gauge that is connected to the outlet of the 
cannula. A longitudinal stretch was applied to the segment through a micrometer that is 
connected to the cannula. Samples were imaged under intraluminal pressure from 0 to 
120 mmHg (0, 15, 30, 45, 60, 90, and 120 mmHg) at axial stretching from 1 to 1.8 (1.0, 
1.3, 1.4, 1.6, and 1.8). Each sample was imaged with a field of view of 360 𝜇m ´ 360 𝜇m 
to a depth of about 50 𝜇m with 2 𝜇m spacing from the outer surface of the arterial wall 
using a water immersion objective (60 ´, NA 1.0 W, LUMPlanN, Olympus). The 






Figure 4.1: Multiphoton imaging while the artery undergoes mechanical loading. (A) Schematic of 
the experimental setup. A multiphoton microscope was used to image the elastic lamellar layers in a 
mouse carotid artery while the artery underwent biaxial extension-inflation. (B) Schematic of a 
carotid artery with intima, media, and adventitia layers. Horizontal slices represent the multiphoton 
imaging planes shown in (C-F). (C-F) Representative multiphoton images of a carotid artery. Gray: 
SHG from collage; green: fluorescence from elastin; scale bar: 100 𝝁m. (C) wavy collagen fibers in 
the adventitial layer. (D-F) Both adventitial collagen and medial elastin are visible. The 
longitudinally undulated elastic lamella is highlighted in (E, F). (G): Schematic of an elastic lamella 
that is wavy in both circumferential and longitudinal directions. The green wavy lines in (G) 





























4.3.3 3D reconstruction of elastic lamellae and imaging analysis 
To quantify lamellar unfolding during mechanical deformation, a custom image 
processing procedure was developed using the MATLAB Image Processing Toolbox 
(version R2013b, The MathWorks, Inc., Natick, MA). To generate a transverse cross-
sectional view of the elastic lamella, first the acquired Z-stack images along the radial 
direction was reorganized into a Y-stack along the longitudinal direction in MATLAB 
(Fig. 4.2A). In each of the Y-stack images, an intensity threshold value (5 on 8-bit scale) 
was chosen to eliminate the background. Object connectivity analysis was then 
performed using the bwconncomp function to identify the connected components and 
remove isolated signals with less than 8 pixels(Tsuda et al., 2008). 
Three to four layers of elastic lamellae were observed in intact mouse carotid 
arteries. The first three layers of elastic lamellae were used for 3D reconstruction and 
analysis. The fourth layer could not systematically be visualized and its reconstruction 
was not reliable due to the low signal-to-noise ratio. No analysis of this layer was 
therefore conducted. Since the elastic lamellae layers have decreasing light intensity 
through the arterial wall, simple thresholding segmentation method is not enough to 
separate out the elastic lamellae. Considering the lamellar layers have continuous 
structure and are very thin (~2 µm), line-tracking method was used to reconstruct the 3D 
elastic lamellae(Vlachos & Dermatas, 2010). From the fluorescence intensity profile 
along the Z direction, peaks corresponding to the first three lamellar layers were 
identified (Fig. 4.2B). The corresponding pixels were extracted as seed points for line 




selected as the next seed point. Pixels already extracted are excluded from the search. The 
line-tracking algorithm terminates when all the 8 adjacent pixels reached a value of zero 
(Fig. 4.2C). Using this method, the centerline of an individual elastic lamella was tracked 
in each Y-stack image and was used to reconstruct the 3D lamellar layer (Fig. 4.2D). 
 
Figure 4.2: 3D reconstruction of elastic lamellae and imaging analysis. (A) The original z-stack 
multiphoton images were resliced along the longitudinal direction (Y-axis) to show the transverse 
cross-sectional view of the elastic lamellae. An image processing algorithm was performed to 
reconstruct the lamellar layers and consisted primarily of (B) extraction of seed points and (C) line 
tracking from the seed points to identify the three layers. (D) Representative image of a 
reconstructed elastic lamella. 
	 Structural analysis was performed on the 3D reconstructed elastic lamella. Based 
on the extracted center-lines of the lamellar layers (L1, L2, and L3), corresponding 
concentric arcs along the arterial wall were computed based on a least-squares 
fit(Gerhard A. Holzapfel, Sommer, Auer, Regitnig, & Ogden, 2007). Straightness 
parameter, defined as the ratio between the length of fitted arcs La and the contour length 





















     (4.1) 
 Interlamellae distance can be evaluated by calculating the difference between the 
radii of the fitted arcs (Fig. 4.3B). In each sample, straightness parameter and inter-
lamellar distance was computed in 200 Y-stack images and averaged over the imaged 
longitudinal length. Results from a total of four samples were further averaged and 
presented in this study.  Straightness parameter, lamellar unfolding, lamellar stretching, 














Figure 4.3: Microstructural quantification of elastic lamellae during tissue deformation. (A) 
Reconstructed transverse cross-sectional images revealing elastic lamellar layers L1, L2, and L3 
(with L1 being the outermost layer) in the arterial wall at 0, 30, 60, and 90 mmHg. The axial stretch 
was 1. Scale bar: 50 𝝁m. (B) Schematic of the three elastic lamellar layers in the arterial wall. The 
inter-lamellar distance and the straightness parameter	𝑷𝒔, which is the ratio of arc length 𝑳𝒂 to 
contour length	𝑳𝒄, are also defined. (C) Straightness parameter as a function of pressure for the three 
lamellar layers. (D) Unfolding of elastic lamellar layers in a mouse carotid artery when pressure 
increases from 0 to 120 mmHg at an axial stretch of 1.6. 
 
4.3.4 Mechanical testing 
To characterize the pressure-diameter response of mouse carotid arteries, three 
samples (n=3) of matching age mice were tested on a pressure myograph (DMT, 110P) as 
described in Chapter 2. Specifically, the arteries were pre-stretched to 1.6× of ex vivo 
length in the longitudinal direction. After preconditioning, mechanical testing was 












performed by increasing intraluminal pressure from 0 to 120 mmHg with 10 mmHg 
increments. The change of outer diameter was monitored by a CCD camera mounted on a 
microscope. Since the custom-made tissue stretching bath-chamber was not equipped 
with load cells, multiphoton imaging and mechanical testing were not performed 
sequentially on age-matched samples.  
4.3.5 Kinematics and equilibrium equations 
	 Transmural distribution in stress and stretch was calculated considering the 
deformation of a thick-walled circular cylinder(Gerhard A. Holzapfel et al., 2000). 
Briefly, the deformation gradient from a load-free reference configuration (R, Θ, Z) to 
current loading configuration (r, θ, z) in cylindrical coordinates is given by the 





	𝜆À]     (4.2) 
where 𝜆À is the (constant) axial stretch. With incompressibility assumption, we have 





     (4.3) 
Integrating Equation (4) gives  
𝑟 = 𝑟R= − (𝑅R= − 𝑅=)/𝜆À             (4.4) 
The radial position r in the deformed arterial wall can be mapped into load-free 
configuration through Equation (5). From equilibrium equation in the radial direction, 




𝑝> − 𝑝R = ∫ (𝑡EE − 𝑡££)
5
£
𝑑𝑟£H£D                                    (4.5) 
where 𝑝>,	𝑝R represents the inner and outer pressures, respectively. 𝑡EE  and 𝑡££are 
circumferential and radial stresses, respectively. From equilibrium equation in the 
longitudinal direction, the axial force, 𝐹, can be determined from(Gerhard A. Holzapfel 
et al., 2000): 
 𝐹 = 𝜋 ∫ (2𝑡ÀÀ − 𝑡EE − 𝑡££)𝑟𝑑𝑟
£H
£D
+ 𝜋(𝑟>=𝑝> − 𝑟R=𝑝R)                  (4.6) 
where 𝑡ÀÀis the longitudinal stress. Equations (6) and (7) were evaluated numerically by 
using Gaussian integration scheme(Gerhard A. Holzapfel et al., 2000). 
4.3.6 Constitutive relation 
The Cauchy stress tensor can be obtained as: 
𝐭 = −𝑝𝐈 + 2𝐅 ¼È
¼𝐂
𝐅      (4.7) 
where p is Lagrange multiplier, I is identity tensor, Ψ is strain energy function, and 𝐂 =
𝐅𝐓𝐅 is the right Cauchy-Green deformation tensor.  
 A structurally motivated strain-energy function considering four families of 
collagen fibers was used for the analysis of mechanical behavior of the arterial 
wall(William Wan, Yanagisawa, & Gleason, 2010). 
𝛹 = Ì¡
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 In Equation (9) 𝐶V is a stress-like material parameter associated with elastin, 𝑘5>  
and 𝑘=>  are material parameters associated with the kth fiber family. In this model one 




considered. 𝐼Z is the first invariant of the right Cauchy-Green tensor C, 𝜆> is the stretch in 
the direction of the ith fiber family, determined by 
𝜆> = 𝜆E
=𝑠𝑖𝑛=𝛽> + 𝜆À
=𝑐𝑜𝑠=𝛽>    (4.9) 
where 𝛽 is the angle of the ith family with respect to the circumferential directional of the 
artery in load-free configuration.  
4.3.7 Parameter estimation 
 Eight unknown material parameters (𝐶V, 𝑘55, 𝑘=5, 𝑘5=, 𝑘==, 𝑘5
f,K, 𝑘=
f,K, 𝛽) were 
estimated by minimizing the difference between experimentally measured and calculated 
values of pressure and axial force based on Equations 6 and 7, in the form of following 
objective function(Lee, Naito, Kurobe, Breuer, & Humphrey, 2013): 












]q>g5         (4.10) 
where N = 15 is the number of data points and 𝑝, 𝐹 are pressure and axial force from 
the model, 𝑝V, 𝐹V are experimentally measured pressure and axial force. The objective 
function is minimized using the Nelder-Mead direct search method implemented in the 
fminsearch function in MATLAB. The material parameters from 5 samples were then 






4.4.1 Three-dimensional imaging and reconstruction of elastic lamellae 
Elastic lamellar layers in an intact mouse carotid artery were imaged using a 
multiphoton microscope while the artery underwent biaxial extension-inflation (Figs. 
4.1A and 4.1B, see Methods). The multiphoton images in Figs. 4.1C–F show wavy 
collagen fibers in the adventitial layer of a mouse carotid artery at various imaging depth. 
In the medial layer, no visible collagen signal was observed. The signal from elastin 
appeared as long, wavy lines. Elastic fibers in the media of the mouse carotid arteries 
aggregate to form a series of concentric lamellae, and cannot be individually resolved 
with our microscope. The long, wavy lines shown in Figure 4.1 C–F are therefore the 
cross-section through the folded elastic lamellae, as highlighted in green in Figure 4.1 G. 
The elastin image quality was sufficient to produce transverse cross-sectional views of 
the elastic lamella (Fig. 4.2A–C, see Methods), which were used for quantitative 
structural analysis. Figure 2D shows the reconstructed full 3D architecture of an elastic 
lamella.  
4.4.2 Structure inhomogeneity and lamellar unfolding  
Three lamellar layers were successfully reconstructed, and used for structural 
quantification. Figure 4.3A shows the transverse section view of the three lamellar layers 
in a mouse carotid artery when pressure increases from 0 to 120 mmHg at a physiological 
axial stretch ratio of 1.6. At low pressure, elastic lamellae appeared as continuous 




straighten. Structural analysis was performed to quantify the circumferential waviness of 
the thin relation to pressure through the use of straightness parameter (Fig. 4.3B, see 
Methods).  Lamellar layers that are closer to the inner wall have a lower straightness 
parameter, thus are more undulated than lamellar layers closer to the outer wall (Fig. 
4.3C). As the pressure increases, the straightness parameter of all layers increased and 
gradually approached the value of 1. Unfolding of the elastic lamellar layers, 𝜆¤, which 
represents the straightening of the elastic lamellae, was calculated by normalizing the 
straightness parameters at each pressure level, Ps¢, by the straightness parameter at zero 
pressure Ps, i.e., 𝜆¤ = 𝑃YÜ 𝑃Y⁄ . It can be seen from Fig. 3D that the lamellar layers all 
unfolded with pressure, however the inner lamellar layers unfolded more than the outer 
layers. Also, unfolding is more prominent at lower pressures and tends to plateau when 
pressure is higher than 60 mmHg.  
 During pressurization, the elastic lamellae unfolded and the distance between 
lamellae layers decreased (Fig. 4.4A). The inter-lamellar distance between L1 and L2 and 
between L2 and L3 at the unloaded state was 6.2±1.4 and 7.9±1.4 𝜇m, respectively. This 
distance decreased by about 50%, to 3.2±0.4 and 4.4±1.1 𝜇m, respectively, at 120 mmHg 
(Fig. 4.4A). The inter-lamellar distance also decreased with axial stretching from 3.6±0.3 
and 7.2±0.7 𝜇m to 2.5±0.3 and 4.6±0.6 𝜇m when axial stretch increases from 1.3 to 1.8 at 
a transluminal pressure of 120 mmHg (Fig.4. 4B). The carotid artery buckled at 90 





Figure 4.4: Inter-lamellar distance during mechanical loading. Inter-lamellar distance as a function 
of (A) pressure when carotid arteries were subjected to an axial stretch of 1.6, and (B) axial stretch 
when pressure was maintained at 90 mmHg. d1 and d2 are the distances between layer L1 and L2, 
and layer L2 and L3, respectively. 
4.4.3 Tissue-level deformation  
The tissue-level circumferential stretch as a function of transmural position was 
obtained from modeling the arterial wall as a thick-walled cylinder(Gerhard A. Holzapfel 
et al., 2000). Average model parameters (Table 4.1) were obtained based on fitting the 
pressure-diameter testing data of five carotid arteries (Fig. 4.5).  
Table 4.1. Summary of model parameters and root-mean-square error (RMSE) for all five carotid 
arteries obtained by fitting the pressure (Equation (5)) and axial force (Equation (6)) from the model 
and experimentally measured data based on least square fit in Equation (10). Average model 
parameters were calculated and used for stress analysis in the thick-wall model, from which the 
tissue circumferential stretch was calculated.  
Sample	
number	 𝑪𝒆	 𝒌𝟏
𝟏	 𝒌𝟐𝟏	 𝜷	 𝒌𝟏𝟐	 𝒌𝟐𝟐	 𝒌𝟏
𝟑,	𝟒	 𝒌𝟐
𝟑,𝟒	 RMSE	
1	 13.69	 1.77	 0.48	 39.42	 6.39	 4.39 × 10I±	 4.63	 3.75 × 10Ià	 0.08	
2	 15.66	 0.29	 0.88	 40.75	 8.33	 1.91 × 10I±	 5.06	 1.03 × 10I±	 0.11	
3	 15.62	 0.40	 0.82	 46.32	 6.87	 1.55 × 10I±	 5.29	 8.58 × 10Ià	 0.09	
4	 19.57	 0.32	 0.73	 39.83	 11.84	 9.69 × 10Ià	 7.03	 9.52 × 10Ià	 0.06	
5	 11.26	 0.84	 0.51	 42.45	 9.07	 1.60 × 10Ià	 6.51	 1.64 × 10I±	 0.10	
Mean	 16.13	 0.70	 0.73	 41.58	 8.36	 2.20 × 10I±	 5.50	 8.03 × 10Ià	 0.09	







Figure 4.5: A: Outer diameter vs. pressure, and B: axial force vs. pressure for all five mouse carotid 
arteries from pressure-diameter test (open symbols) and from modeling (solid lines). Carotid arteries 
were subjected to 1.6 axial stretch while being pressurized from 0-140 mmHg. The thicker solid lines 
represent the modeling prediction using the average material parameters from Table 4.1. Inter-
lamellar distance during mechanical loading. Inter-lamellar distance as a function of (A) pressure 
when carotid arteries were subjected to an axial stretch of 1.6, and (B) axial stretch when pressure 
was maintained at 90 mmHg. d1 and d2 are the distances between layer L1 and L2, and layer L2 and 
L3, respectively. 
It can be seen from Fig. 4.6A that the circumferential stretch, 𝜆9, decreases from 
the inner to the outer surface of the arterial wall, i.e., the lamellar layer closer to inner 
wall underwent more tissue level deformation than those closer to the outer wall. To 
compare the tissue circumferential stretch with lamellar unfolding, 𝜆9 was obtained at the 
radial position of lamellar layers L1, L2, and L3. To do so, the position of L1 at the 
unloaded state was assumed to be located at 2/3 of the wall thickness from the lumen 
surface(Gerhard A. Holzapfel et al., 2000). The position of L2 and L3 can thus be 
determined by subtracting the inter-lamellar distances d1 and (d1 + d2) from L1, 
respectively. The tissue circumferential stretch, 𝜆9, was then plotted as a function of 
pressure at the position of lamellar layers L1, L2 and L3 (Fig. 4.6B). We can see that the 
tissue circumferential stretch increased with pressure. However the increasing trend 









Figure 4.6: Tissue-level deformation and its relation to micromechanics. (A) Transmural 
circumferential stretch distribution in the arterial wall from modeling at 1.6 axial stretch and 120 

































L1, L2, and L3. (B) Tissue circumferential stretch as a function of pressure at the position of lamellar 
layers L1, L2, and L3. (C) Lamellar stretching as a function of pressure, determined from the tissue 
level deformation (Fig. 4.6B) and lamellar unfolding (Fig. 4.3D), was equivalent in all layers. 
 
4.4.4 Relationship among tissue deformation, lamellar unfolding, and lamellar stretching 
Tissue circumferential stretch (Fig. 4.6B) and lamellar unfolding (Fig. 4.3D) both 
followed similar increasing trend with pressure and position dependence on lamellar 
position, however, lamellar unfolding was much smaller than tissue circumferential 
stretch, indicating that during mechanical deformation, the elastic lamellae layers were 
not only subjected to unfolding, but also stretching, or elongation. We thus propose a new 
model that describes the deformation of an elastic lamellar layer. When the artery is 
pressurized, the tissue circumferential stretch at a specific lamellar position, 𝜆9, can be 
represented by the ratio of arc length of elastic lamella in the deformed configuration, 𝐿]Ü , 
to the arc length in the initial configuration, 𝐿], as shown in Equation (4.1). We can see 

















= 𝜆¤𝜆Y   (4.11) 
where 𝜆¤ = 𝑃YÜ 𝑃Y⁄ , 𝜆Y is the ratio of contour length of elastic lamella in the deformed 
configuration, 𝐿ZÜ , to the contour length in initial configuration, 𝐿Z. 𝜆Y characterizes the 
changes in the contour length of the elastic lamella due to stretching/elongation, which 
cannot be measured. Knowing both 𝜆9 and 𝜆¤, 𝜆Y can be obtained. We can see from Fig. 






The present study leads to several new insights on the micromechanics of elastic 
lamellae and its relation to tissue-level mechanics in the arterial wall. A new method was 
developed to reconstruct the 3D architecture of elastic lamellae in mouse carotid arteries 
and was used to quantify the unfolding of elastic lamellae during biaxial extension-
inflation loading. Our study shows that unfolding and extension of elastic lamellar layers 
contributed simultaneously to tissue-level deformation (Fig. 4.7A,B). Moreover, the 
higher lamellae unfolding in the inner lamellae layer compensates the larger strain 
experienced at the inner surface of the arterial wall, thus maintaining a more evenly 
distributed circumferential extension/stress in the lamellar layers through the arterial wall 
(Fig. 4.7C). Our study establishes, for the first time, that micro-structural inhomogeneity 
plays an important role in maintaining tissue homeostasis and achieving mechanical 
homogeneity. 
 Multiphoton microscopy (Chow et al., 2014; Clark, Lillie, Vogl, Gosline, & 
Shadwick, 2015; Sugita & Matsumoto, 2016; Zoumi, Lu, Kassab, & Tromberg, 2004) has 
been employed to study the ECM organization in blood vessels. Multiphoton microscopy 
has the ability to image the ECM architecture of biological tissues with minimal sample 
preparation(Green et al., 2014), and has been employed to examine the structure of 
collagen and elastic fibers in various types of biological tissues such as skin, tendon, 
ligament and blood vessels(Frisch et al. 2012; Mattson, Turcotte, and Zhang 2016; Wu et 
al. 2011; Zadrozny et al. 2014). In previous studies, orientation distribution and 




maximum intensity projection of stack images (Chow et al., 2014), (Chen et al., 2013), 
(W. Wan et al., 2012). However, such analysis method is not appropriate for studying the 
spatial structure of tubular-shaped elastic lamellae in mouse arteries. The orientation of 
elastic fibers in larger animals are quite distinct (Farand et al., 2007), (Chow et al., 2014), 
(Koch et al., 2014), (Krasny, Morin, Magoariec, & Avril, 2017), however it is not 
possible to obtain the orientation of elastic fibers from mice carotid arteries. The reason 
for this structural difference between large and small animals remains to be understood. 
To understand the micromechanics of elastic lamellae, there is a need to quantify the 3D 
architectures of elastic lamellae under mechanical loading. 3D reconstruction shows that 
elastic lamellae in a mouse carotid artery are wavy in both circumferential and 
longitudinal directions, which is important for an artery to accommodate multi-axial 
deformation (Fig. 4.2D). Waviness of elastic lamellae was noticed in transverse 
histological section of arterial tissue in early studies (Wolinsky & Glagov, 1964). It is 
important to note that the wavy lines appear in multiphoton images (Figs. 4.1D-F) are not 
elastic fibers, as mentioned in earlier studies(Fry et al., 2015), (Keyes, Haskett, Utzinger, 
Azhar, & Vande Geest, 2011), but actually slices of the wavy concentric sheets of elastic 
lamellae (Fig. 4.1G). The complex structure of elastic lamellae and the natural cylindrical 
shape of an artery call for 3D reconstruction to reveal the lamellar architecture before 
performing structural analysis.  
 The waviness of elastic lamellar layers decreases as intraluminal pressure 
increases. This is in line with earlier histological observations (Wolinsky & Glagov, 




elastic lamellae varies transmurally with wavier elastic lamella towards the inner surface 
of the arterial wall (Fig. 4.3C). Lamellar layer closer to the inner wall are more undulated 
than lamellar layer closer to the outer wall. When the artery is pressurized, the more 
undulated inner lamellar layer also undergoes larger unfolding (Fig. 4.3D). At the tissue-
level, the circumferential stretch decreases from the inner to outer wall (Fig. 4.6A). 
However, we found that the tissue level circumferential stretch (Fig. 4.6B) is much 
greater than the unfolding stretch (Fig. 4.3D). Indeed, the autofluorescence from elastin 
enabled quantifying the unfolding of the elastic lamellae, but not the lamellar stretching. 
This is unlike the SHG signal from collagen which can inform on the stretch level 
through the average molecular orientation(Turcotte, Mattson, Wu, Zhang, & Lin, 2016). 
 Our study demonstrates that lamellar unfolding and stretching occurs 
simultaneously and both contribute to tissue-level circumferential stretch (Figs. 4.7B). 
Arteries experience larger strain at the inner surface of the arterial wall.  The higher 
lamellae unfolding in the inner lamellae layer compensates the tissue circumferential 
stretch gradient, and thus plays an important role in maintaining a more evenly 
distributed stretching in the lamellar layers through the arterial wall (Fig. 4.7C). This is 
important as lamellar stretching/elongation is directly related to stress development in the 
lamellar layers. This strongly supports the suggestion of Dobrin (Dobrin, 1999) that 
artery wall behaves mechanically as a homogeneous material, despite its histologic 
heterogeneity. Elastin in the arterial wall organized into concentric lamellar layers of 
approximately the same thickness throughout the arterial wall (Wolinsky & Glagov, 




loading in the arterial wall. Our study sheds light on the importance of structural 
inhomogeneity in maintaining tissue homeostasis. Our bodies have built-in mechanisms 




Figure 4.7: The role of micromechanics of elastic lamellae in arterial tissue mechanics. (A) Schematic 
of an elastin lamella undergoing unfolding and stretching when the arterial wall is pressurized. The 
multiphoton imaging data allowed us to quantify the lamellar unfolding lf, however stretching of the 
elastic lamella ls cannot be measured and was calculated using Equation (12). (B) Stretching of the 
lamellae occurs at the onset of pressurization and is a main contributor to the overall tissue 
deformation. (C) The primary role of lamellar unfolding is to make uniform the stretching of elastic 








































  Previous studies based on histological images suggested the deformation of elastic 
lamellae as a two-step process: from zero to diastolic pressure, the lamellae unfold; then 
at pressures above the diastolic pressure, the lamellae were stretched (Wolinsky & 
Glagov, 1964), (Sokolis et al., 2006), (Dobrin, 1999). Our study, however, quantitatively 
shows that unfolding/straightening of elastic lamellae, 𝜆¤, only contributes to a small 
fraction of the circumferential tissue deformation, 𝜆9, even at low pressure (Figs. 4.6B 
and 4.3D). The fact that 𝜆Y increases from 0 mmHg pressure indicates elastic lamellae 
were stretched at the onset of artery extension, not after lamellar layers were fully 
unfolded. Stretching and unfolding of elastic lamellae, occurs simultaneously with 
deformation, and both contribute to tissue-level deformation 𝜆9, from the onset (Fig. 
4.6C). These findings unravel the important role of the radial waviness gradient in 
equalizing local circumferential stresses and preparing the elastic lamellae for 
physiological tissue circumferential stretching, during which lamellar stretching is the 
main contributor, and is directly related to local stress development in the lamellar layers 
and thus, the microenvironment for cells. It is important to consider elastic lamella and 
elastic fibers as two structural hierarchies in the arterial wall. While the elastic lamellae 
appear to be wavy in the circumferential cross-sectional view, there are plenty of 
evidences suggest that elastic fibers within the elastic lamellae are under tension due to 
somatic growth, even at zero load condition (Martyn & Greenwald, 1997), (Chow, Choi, 
Yun, & Zhang, 2013), (Jacopo Ferruzzi, Collins, Yeh, & Humphrey, 2011). Thus the 
elastic fibers within the elastic lamellae can be stretched while the elastic lamellae appear 




important to distinguish the deformation of individual structural hierarchies, and the 
structural and mechanical correspondence should be made carefully. 
 Waviness and inter-lamellar distance are two main features of elastic lamellae 
organization. Apart from straightening and decrease in interlamellar distance with 
increase of intraluminal pressure, we also observed decrease in interlamellar distance 
under axial stretching at specific pressure. The inter-lamellar distances d1 and d2 
measured at 90 mmHg with axial stretch of 1.6 in mouse carotid artery are 3.6 and 5.5 
𝜇m (Fig. 4.4) which is comparable to the value of 0.006 mm at 100 mmHg reported by 
Wolinsky and Glagov in mouse aorta (Wolinsky & Glagov 1967) without axial stretch. 
Thinning of the arterial wall was due mainly to the decrease of inter-lamellar distance. 
This is in line with the histological observations by Wolinsky and Glagov (Wolinsky & 
Glagov 1964) of aorta fixed at in vivo extension with and without distension. Sokolis et 
al. (Sokolis et al., 2006) reported no change of spatial distribution from axial stretching. 
This discrepancy is possibly related to the uniaxial tensile test used by (Sokolis et al., 
2006). Several studies have pointed out that biaxial tensile test can better mimic the state 
of deformation encountered in the body and is thus a preferred method (Zou & Zhang 
2009), (J Ferruzzi et al., 2013).  
 As local stress state is an important parameter that governs tissue growth and 
remodeling (Fung, 1991), numerous studies have been carried out with a focus on stress 
analysis of the arterial wall. Such studies are often based on a specific form of strain 
energy function, in which the medial layer of the arterial wall is usually assumed to be a 




prominent stress gradient in the arterial wall, especially in the medial layer that contains 
layers of elastic lamella (Chuong & Fung, 1983; Hayashi, 1982; Hayashi, Sato, Niimi, 
Handa, & Moritake, 1975; Takamizawa & Hayashi, 1987; von Maltzahn, Warriyar, & 
Keitzer, 1984). To reduce such stress gradient, a residual stress was introduced into the 
model, in which a deformation state was introduced so that when the artery is intact the 
residual stress adds a circumferential compressive stress to the inner wall and a 
circumferential tensile stress to the outer wall. In many cases, such phenomenological 
treatment has been shown to be insufficient to balance the stress gradient (Gerhard A. 
Holzapfel et al., 2000), (Fung, 1991). Our study reports new observations that the elastic 
lamellae have a radial waviness gradient. This structural inhomogeneity compensates the 
inhomogeneous tissue-level deformation, thus equalizing the local circumferential 
stresses through the arterial wall. It is thus necessary to develop microstructure-inspired 
models and to incorporate such structural information at the lamellar level in the existing 
theories on growth and remodeling in future studies.  
 
4.6 Limitations 
In this study, different samples were used for imaging and mechanical testing. 
Thus the model parameters were averaged to calculate the circumferential stretch at each 
lamellar position. This is in accordance with previous studies (C. Wang, Garcia, Lu, 
Lanir, & Kassab, 2006), (Collins, Bersi, Wilson, & Humphrey, 2011), in which the mean 
estimated material parameters were used to predict the behavior of the group of the 




same artery, and thus to have a sample-specific structure and function. However this is 
often difficult to achieve, especially in small arteries like mice carotid arteries since the 
samples are very fragile and usually won’t survive multiple cannulation processes. 
Although visible in histological images, multi-photon imaging can’t pick up the signal 
from the loosely arranged fine medial collagen fibers in mice carotid arteries (W. Wan et 
al., 2012), (Montes, Nicolelis, Brentani-Samaia, & Furuie, 1989). It is possible that the 
SHG signal is too weak to be detected. More importantly, our study characterized medial 
elastin, independently of medial and adventitial collagen.  
 
4.7 Summary 
Micromechanics of elastic lamellar layer were investigated by combining 
multiphoton imaging, mechanical testing, and constitutive modeling. A new approach 
was developed to quantify the three-dimensional microstructure of elastic lamellar layers 
under physiological biaxial extension-inflation mechanical loading. Our study 
demonstrates that stretching and unfolding of elastic lamellae occurs simultaneously 
during deformation and that both contribute to tissue-level circumferential stretch. While 
the lamellar stretching dominates the tissue deformation, the radial waviness gradient of 
elastic lamellar layers plays a critical role in equalizing the local circumferential stresses 
throughout the arterial wall. By looking at micromechanics of elastic lamellar layer, we 
discovered the importance of structural inhomogeneity in maintaining tissue homeostasis. 
Our study uncovered the underlying structural origin that enables elastic lamellar layers 




tissue and cellular function. Our study also emphasized the importance of adopting a 
multiscale and multimodal perspective when dissecting the role of ECM components in 
tissue mechanics. Using the mouse carotid artery as a model allowed us to access the 
lamellar layers using multiphoton microscopy while keeping the artery intact. Extension 
of the findings from this study to large arteries is likely promising, as based on the Law 
of Laplace, the average tension per lamellar unit of an aortic media is constant regardless 
of species (Wolinsky & Glagov, 1967). Discoveries from this study will likely inspire the 
development of tissue engineered blood vessels that consider structural inhomogeneity, 
and the creation of new microstructure-inspired models of arteries for better 
understanding of tissue growth and remodeling. Aging and diseases could have profound 
impact on the composition and structure of the arterial wall. Our imaging and analysis 
method can be applied to study the structural and mechanical alterations in elastic 
lamellae, and to understand the role of structural inhomogeneity in maintaining tissue 




CHAPTER 5 POWER-LAW BEHAVIOR IN THE ARTERIAL WALL 
5.1 Overview 
Arterial dissection is a life-threatening condition in which the blood flows through 
a tear of the intima layer of the arteries, separating the lamellar layers in the arterial wall. 
Here, we report that arterial dissection is governed by an avalanche-like cascade failure 
of inter-lamellar fibers. By studying dissection in porcine aortic media through peeling 
tests, we found that the dissection propagates via sudden force drops (avalanches) with a 
probability distribution of their magnitudes, which represent the release of stored elastic 
energy, decaying as a power law. This power law behavior indicates that dissection 
propagation is not dominated by events at a single scale and hence dissections can 
advance through the entire aorta quickly. The power law behavior expands over almost 
two decades with exponents of 1.51 and 1.33 in the circumferential and longitudinal 
directions, respectively.  Multiphoton microscopy confirms that the force jumps 
correspond to the failure of inter-lamellar fibers connecting adjacent layers of lamellar 
units. Furthermore, since the exponents change minimally after GAG depletion but 
significantly in purified elastin networks, collagen fibers are the primary contributors to 
the avalanches. To understand dissection, we developed a finite element model that 
considers the contribution of strain-induced failure of inter-lamellar collagen fibers to 
layer separation.  The model recapitulates the experimental results quantitatively with 
matching exponents, and provides further understanding on the governing role of 
structural inhomogeneity in the power law behavior. The avalanche behavior provides 




serve as a new parameter to characterize the dissection properties of the arterial wall. 
 
5. 2 Introduction 
Arterial dissection is a catastrophic event that may occur spontaneously or as a 
result of traumatic injuries in many arterial branches, including the aorta (Gasser & 
Holzapfel, 2006). It is characterized by the tearing of the intimal layer which allows 
blood to enter between the lamellar layers of the aortic wall, resulting in the separation of 
the layers. A false lumen is formed in the separated media, which may narrow or occlude 
the true lumen. Due to diagnostic challenges, initial presentation of aortic dissection is 
missed in > 30% of the cases (Nienaber et al., 2016). In the absence of intervention, acute 
aortic dissections result in mortality up to 90%, with the majority of deaths occurring 
with 48 hours of the onset of aortic dissection (Kouchoukos & Dougenis, 1997). Thus, 
acute aortic dissection is one of the most devastating cardiovascular diseases. Once 
initiated, the dissection propagates rapidly, leading to high morbidity and mortality. The 
mechanisms underlying the propagation of aortic dissection, however, remain to be 
understood. 
Prior studies of the biomechanics of aortic dissections, both experimental and 
computational, focused on the blood pressure and energy required for the propagation of 
an existing dissection (Carson & Roach, 1990)(Sommer et al., 2008). However, little is 
known about how aortic dissections propagate within the arterial wall, a highly 
inhomogeneous biological material. As an acute cardiovascular disease, aortic dissection 




diagnosis and treatment. The sudden catastrophic nature of aortic dissections is largely 
unknown but may be similar to an avalanching behavior. Avalanches are events that are 
accompanied by a sudden transfer of energy or material with a wide range of magnitudes 
without a characteristic length scale (Ludington et al., 2013). Avalanche behaviors have 
been found ubiquitously in nature, from sand piles (Jaeger & Nagel, 1992), earthquakes 
(Sornette & Sornette, 1989), forest fires (Malamud, Morein, & Turcotte, 1998), neuronal 
assemblies (Beggs & Plenz, 2003), ciliary import (Ludington et al., 2013), lung inflation 
(Suki, Barabási, Hantos, Peták, & Stanley, 1994), to cell microrheology (Fabry et al., 
2001). In an avalanching system, the energy or material accumulates gradually driving 
the system to an unstable state. When a critical threshold is reached, the energy is 
released through avalanches of all sizes until the system returns back to a more stable 
state (Paczuski, Maslov, & Per Bak, 1996). Avalanching behavior is characterized by a 
power law distribution of avalanche sizes, exhibiting self-similar behavior over a wide 
range of scales. In this study, we hypothesized that aortic dissection propagates in an 
avalanche-like manner involving cascade failures of structural units within the arterial 
wall.  
Understanding arterial dissection requires an understanding of the structure of the 
arterial wall. The extracellular matrix (ECM) in the arterial wall, composed of elastic 
fibers, collagen fibers, and ground substances including glycosaminoglycans/ 
proteoglycans (GAGs/PGs), largely determines the passive mechanical properties of the 
artery. In the aortic media layer, these ECM components, together with smooth muscle 




artery (Wolinsky & Glagov, 1967). The concentric layers of elastic lamellae are 
interconnected through inter-lamellar elastic and collagen fibers, and smooth muscle cells 
(Sommer et al., 2008). However, the elastic and collagen fibers are distributed 
predominantly parallel to the lamellar planes, with minor amounts of inter-lamellar 
fibers. Due to the laminated structure of the aortic media, a tearing of the intima may 
propagate parallel to the lumen, forcing the layers apart (Tam, Catherine Sapp, & Roach, 
1998).  To study the possibility of avalanches in aortic dissection, we utilized the peeling 
test since it is more suited to quantify the fracture energy of the tissue (Sommer et al., 
2008). To this end, our study provides the first understanding of the mechanisms that 
govern the rapid propagation of aortic dissections. 
 
5.3 Material and methods 
5.3.1 Sample preparation 
Porcine descending thoracic aortas were harvested at 12-24 month of age at a 
local abattoir and transported to the laboratory on ice. After removing of adhesive tissue 
and fat, samples were cut into strips with dimensions of about 40 mm by 10 mm with the 
long edge parallel to either the longitudinal or the circumferential direction of the artery 
(Figure 5.2). A total of 36 samples were obtained from 6 aortas. Among these 36 
samples, 18 were in the circumferential direction and 18 were in the longitudinal 
direction. The samples in each direction were then divided into 3 groups with n=6 for 
each group. The adventitia was carefully removed to	ensure either side of the tear to have 




digital caliper and shown in Table 5.1. 
The first sample group was kept as control and underwent no treatment. The 
second group was subjected to an enzymatic treatment to remove GAGs (33). Briefly, 
samples were treated in 100mM ammonium acetate buffer, pH 7.0, 2–5U/mL 
hyaluronidase, 0.025U/mL chondroitinaseABC, 0.25U/mL heparinase (Sigma-Aldrich 
#H3506, C3667, H3917, St. Louis, MO) and gently agitated for 24h at 37 ◦C to remove 
GAGs. The third group was subjected to a Cyanogen Bromide treatment to obtained 
purified elastin in which collagen, GAGs, and smooth muscle cells were removed 
according to the protocols described in Chapter 3.3.1. Samples were then rinsed and kept 
in phosphate buffered saline (PBS) for further mechanical testing and multiphoton 
imaging.  
Table 5.1 Summary of sample dimensions, peeling force and dissection energy for media, GAG 
depleted media, and purified elastin in circumferentially oriented (C) and longitudinally oriented (L) 
samples. Values reported are mean ± standard deviation. 







Media (C) 32.13±1.98	 11.90±0.37	 46.00±11.86	 106.42±25.82	
Media(L) 30.57±1.34	 10.56±1.04	 72.27±22.28	 183.78±58.08	
Elastin (C) 31.51±1.95	 11.29±0.73	 6.97±1.15	 14.89±2.41	
Elastin (L) 30.71±1.20	 10.73±0.94	 9.71±1.76	 21.35±3.81	
GAG depleted media (C) 31.26±1.57	 11.75±0.74	 59.61±11.55	 140.29±26.21	







Figure 5.1: Representative image of a circumferentially oriented elastin network strip sample during 
a peeling test 
5.3.2 Controlled peeling test 
A small incision was initiated through the center of the sample. The sample was 
then split at the incision to get two tongues of about 10 mm long for clamping. The 
distance from the separation point to the other end (effective length) was measured using 
a digital caliper and summarized in Table 6.1. Sandpapers were glued to both sides of the 
tongues to prevent the slippage between the sample and the clamps. Peeling test was 
performed on Instron 5800 uniaxial tensile tester with a 10N load cell at room 
temperature. The extension rate was set to be 0.2 mm/s which is within the range of 
dissection speeds suggested by van Baardwijk and Roach (van Baardwijk & Roach, 
1987). The measured force and displacement during the extension were recorded. The 




5.3.3 Dissection energy 
Dissection energy of each group was calculated as described in Chapter 2.3. 
5.3.4 Multiphoton microscopy 
Multiphoton microscopic imaging was performed as described in Chapter 2. 
Specifically, 810 nm femtosecond IR pulse laser excitation was used to generate two-
photon excited fluorescence (2PEF) from elastin (525/45 nm) and second harmonic from 
collagen (417/80 nm). Laser power at the sample was set to 25 mW to minimize thermal 
effects. The laser scanning system is coupled to an upright microscope with a 20 ´ water 
immersion objective lens. A custom-built device was used that allows the samples to be 
imaged at the dissection front during peeling process. Samples in circumferential and 
longitudinal directions were imaged with a field view of 425 ´ 425	𝜇𝑚 at the separation 
location to obtain an image stack to a depth of 40 𝜇𝑚. Three dimensional images were 
generated using in 3D Viewer plugin (developed by Benjamin Schmid) in FIJI 
(http:/Fiji.sc/Fiji, Ashburn, VA).  
5.3.5 Finite element modeling 
	 A finite element model was created to simulate the dissection process in 
ABAQUS 6.14. The model consisted of two pieces of lamellar layers (2 mm long, 5	𝜇𝑚 
wide and 50 𝜇𝑚 thick) with inter-connecting collagen fibers. Neo-Hookean model was 
used to describe the mechanical behavior of the lamellar layers (Azeloglu, Albro, 
Thimmappa, Ateshian, & Costa, 2008). Since the media is stiffer in the circumferential 




set to be 280 kPa while that in the longitudinal direction was 240 kPa. The distance 
between the two pieces of media was 20 𝜇𝑚, which is a typical value for inter-lamellar 
distance (O’Connell et al., 2008). A set of 300 collagen fibers with a diameter of 1 𝜇𝑚 
were generated and randomly attached to the two pieces of media to mimic the spatial 
arrangement of inter-lamellar fibers between adjacent lamellar layers. The orientation of 
inter-lamellar fibers was randomly generated following a uniform distribution from -56° 
to 56° perpendicular to the dissection plane. The collagen fibers were modeled with the 
following stress-strain relationship 𝜎 = 5.4 × [𝐸𝑥𝑝(5𝜀) − 1] MPa (Hadi, Sander, & 
Barocas, 2012) where 𝜎 is the stress and 𝜀 is the engineering strain. The strain at failure 
followed a uniform distribution from 0.107 to 0.207 based on the reported tensile strength 
(Miyazaki & Hayashi, 1999). In another model, 100 inter-lamellar elastic fibers with 0.1 
𝜇𝑚 in diameter (Shah et al., 2014) were generated and added to the inter-lamellar space 
following the same procedure. The elastic fibers had linear elasticity with a stiffness of 
0.8 MPa and a failure strain following a uniform distribution from 0.9 to 1.1 (Carton, 
Dainauskas, & Clark, 1962). The inter-lamellar fibers were modeled with Timoshenko 
(shear flexible) beam elements (B21H). In order to simulate the layer separation process 
in the controlled peeling test, the two ends of media were prescribed to move away from 
each other horizontally until the two sides of the media separated. The peeling force was 
computed as the sum of the reaction forces of all the nodes at the corresponding 
boundary. The shear modulus of the elastic lamellae, the mean failure strain and 
distribution of the inter-lamellar fibers were then varied to examine their effects on the 




kPa in 40 kPa increments. The mean failure strain of the inter-lamellar fibers was varied 
from 0.05 to 0.3 with 0.05 increment.  
5.3.6 Statistical analysis 
Peeling forces and dissection energy were presented as mean ± standard error of 
the mean (SEM). The force per unit width and fracture energy in each experimental 
group was compared to the control group using student unpaired t-test. The power law 
exponents were obtained by fitting a straight line to each distribution on a log-log graph 
and compared by t-tests assuming they were normally distributed and using the estimated 
variance from the linear regression. p < 0.05 is considered to be statistically significant. 
 
5. 4 Results 
	 To test our hypothesis, we subjected isolated aorta media samples to a slow 
peeling test that allowed us to mimic the propagation of aortic dissection. The spread of 
the peeling force 𝑭 (normalized by the width of the sample) for longitudinal samples 
(Fig. 5.2 b) was higher compared to that of the circumferential samples (Fig. 5.2 a). The 
mean force in the longitudinal direction was statistically significantly higher (p=0.0138) 
than that in the circumferential direction  (Fig. 5.3 a), indicating anisotropic dissection 
properties of aortic media. Consistently, the dissection energy 𝑾𝒅𝒊𝒔𝒔𝒆𝒄𝒕 in the 
longitudinal direction tended to be higher (p=0.0611) than that in the circumferential 
direction (Fig. 5.3 b). Glycosaminoglycan (GAG) depletion lead to similar dissection 
behavior as the control media (Fig. 5.4 a and b) albeit with higher dissection force and 




direction being significant (p=0.0478).  
 
Figure 5.2: Power law behavior in dissection propagation within the aortic media. A) Peeling force 
(force per unit width) vs. displacement for (a) circumferentially oriented aortic media, and (b) 
longitudinally oriented aortic media (n=6). The thick curve characterizes the arithmetic mean 
response. Inset figure shows schematic drawings of the peeling test experimental set up before 
loading and right before full separation. L is the effective length of the tissue and l is the length of the 
tissue right before separation (c) Representative peeling force (force per unit width) vs. displacement 
curve showing the fluctuating force profile during peeling test, Force drop was calculated as the 
difference between the peak and following valley. Probability density distribution of the force drops 
in dissection propagation within the media, GAG depleted media, and purified elastin samples in (d) 
the circumferentially oriented samples, and (e) the longitudinally oriented samples. Straight lines in 
(d) and (e) represent linear fits to the experimental data in double logarithmical graphs, and β is 
defined as the negative slope of a straight line fit. Here subscripts C, GC, and EC represent the 
media, GAG depleted media, and purified elastin, respectively, in the circumferential direction; 
subscripts L, GL, and EL represent the media, GAG depleted media, and purified elastin, 
respectively, in the longitudinal direction. 




































































































































Figure 5.3: (a) Averaged peeling force per unit width for circumferentially and longitudinally 
oriented media, GAG depleted media and purified elastin samples. Error bars represent standard 
deviation. (*p<0.05; **p<0.001; ***p<0.0001). 
 
Figure 5.4: Peeling force per unit width vs. displacement for GAG depleted media samples (n=6) (a) 
in the circumferential direction, and (b) in the longitudinal direction. The thick curve represents the 



















































Figure 5.5: Peeling force per unit width vs. displacement for purified elastin samples (n=6) (a) in the 
circumferential direction, and (b) in the longitudinal direction. The thick curve represents the 
arithmetic mean response. 
 
In the plateau region of Fig. 5.2 c, the force during dissection propagation is 
composed of a sharp increase, a jagged plateau region, and a sudden drop marking the 
full separation of the sample (Fig. 5.2 c). The force drops displaying a wide range of sizes 
were quantified by calculating the size distribution of the drops and presented on double 
logarithmical graphs in Figs. 5.2 d and e. The resulting probability distribution function 
of force drops showed a linear decrease implying a power-law distribution over almost 
two orders of magnitude from 0.1 to 10 N/m. The power-law distribution in aortic media 
in the circumferential and longitudinal direction had an exponent, defined as the negative 
slope of a straight line fit, of 1.51 and 1.33 (p<0.05), respectively (Fig 5.2 d and e). The 
power law implies that the force jumps have no characteristic scale and hence the 
dissection process is not dominated by any specific length scale other than the system 
size, which is consistent with the force drops originating from avalanches failures of the 
material in the arterial wall. To test if the power law and the associated avalanches were 
related to GAGs, the size distributions were calculated from the GAG-depleted 
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experimental data: the power-law behavior remained, but there was a slight change in the 
exponent to 1.27 and 1.20 in the circumferential and longitudinal direction with p values 
of 0.0004 and 0.024, respectively. Power law with exponents 3.00 (p<0.0001) and 2.22 
(p<0.0001)was observed in medial elastin networks, in which collagen, GAGs and other 
ECM components were removed from aortic medias (Fig 5.2 d and e). This suggests that 
the mechanism of failure is related to other components of the wall such as collagen 
and/or elastin. 
Further examination of the force/width vs displacement curves revealed a self-
similar fractal correlation. This self-similarity in force displacement signal give rise to the 
power-law behavior of the force jumps during the propagating of aortic dissection. Since 
the force drop is associated with the release of the stored elastic energy, there are self-
similar energy releases at all length scales, from the small scale of inter-lamellar fiber 
failure to the large scale of the system.   
A power-law decay indicates long-range power-law correlation between events 
over time. This suggested that force/width drops are not randomly independent events. 
Rather, the occurrence of one force/width drop makes further events more likely to occur, 
as is the case in an avalanching system (Ludington et al., 2013). 
 To investigate the microscopic origins of failures, multiphoton images were taken 
at the separation point (Figure 5.6), which showed inter-lamellar elastic fibers and 
collagen connecting the two elastic lamellar layers being separated. Compared with the 
dense elastic and collagen fibers that form the lamellar layers, inter-lamellar fibers are 




nonuniform in density and orientation (Figure 5.6 c X-Y plane). This suggests that the 
local inter-lamellar resistance to layer separation could vary dramatically during the 
peeling process. From the side view (Figure 5.6 g Y-Z plane), the cross-section of two 
adjacent lamellar units being separated formed the V shape of the dissection front (Figure 
5.6 g Y-Z pl). The elastic lamellae are bent due to the pulling from the inter-lamellar 
collagen and elastin fibers. In circumferential dissection, only two adjacent layers can be 
seen to be involved, indicating that the dissection propagates mainly between the two 
adjacent layers. In longitudinal dissection, however, multiple lamellar units are involved, 
suggesting the dissection may cross several layers during its propagation. This is another 
evidence of the anisotropic dissection property of the arterial wall apart from the different 





Figure 5.6: Multiphoton images of dissected aortic media at the dissection front. Three-dimensional 
reconstructed images of (a) circumferentially oriented and (b) longitudinally oriented dissected 
sample. Two-dimensional view in the xy- and yz- plane for c, e) a circumferentially oriented sample, 
in which two adjacent lamellar layers are being separated; and d, f) a longitudinally oriented sample, 
in which multiple lamellar layers are involved. Collagen fibers are shown in red and elastic fibers in 
green. Inter-lamellar fibers can be seen connecting the two lamellar layers that are being separated. 
 
 In order to quantitatively understand the dissection process, a finite element 
model was developed that included discrete inter-lamellar connecting collagen fibers 

























peeling of the model, fibers with material properties similar to collagen gradually 
stretched until a failure point generating avalanches. The corresponding distribution of 
the normalized force drops from the model is consistent with a power law in both the 
circumferential and longitudinal directions, with exponents of 1.52 and 1.34, 
respectively. These exponents agree quantitatively with those from the experiments (1.51 
in circumferential and 1.33 in longitudinal direction). Indeed, there is no statistically 
significant difference between model and experimental exponents. The V-shape of the 
dissection front was also captured by the model (Fig. 5.7 b). In one representative 
example, the force curve in the longitudinal direction was higher than that in the 
circumferential direction, indicating the higher separation force (Fig. 5.7 c), which is also 
in accord with the observations from the controlled peeling test (Fig. 5.2 a).  
To understand the origin of the exponents, both structural and mechanical 
inhomogeneities were introduced into our model through considering the randomness in 
fiber density, orientation, and strain at failure (Figs. 5.7 a and b). The model successfully 
captured the avalanche behavior during the propagation of aortic dissection (Fig. 5.8 c). 
When mechanical inhomogeneity was eliminated by assuming a single failure strain for 
all inter-lamellar collagen fibers, the power-law distribution did not change (Fig. 5.9 a). 
Interestingly, when structural inhomogeneity was eliminated, however, by having evenly 
spaced parallel interlamellar fibers, the power-law behavior completely disappeared (Fig. 
5.9 a), indicating that structural inhomogeneity is the ultimate source of the power law 





Figure 5.7: The power-law behavior of dissection propagation was simulated using a finite element 
model considering the discrete inter-lamellar collagen fibers. (a) Finite element model showing the 
two media strips connected via discrete inter-lamellar collagen fibers. (b) Engineering strain in the 
inter-lamellar fibers during dissection propagation. Fibers reached failure criteria were 
automatically removed from the model. Colors represent strains on the inter-lamellar fibers. It can 
be seen that the fibers exactly at the front of the separation are the most stretched. (c) Peeling force 
(force per unit width) vs. displacement from the finite element simulation. (d) Probability density 
distribution of the force drops in dissection propagation within the aortic media from simulations. 
Straight lines represent linear fits to the model results in double logarithmical graphs, and β is 
defined as the negative slope of a straight line fit. Here subscripts MC and ML represent the model 
results in the circumferential and longitudinal directions, respectively. 
 
The model also reveals an interesting interplay between the mechanical properties 
of inter-lamellar fibers and the lamellar layers in the propagation of lamellar layer 
separations. When the shear modulus of the bulk tissue was increased from 180 to 360 
kPa, the distribution of force drops remained a power law, but the exponent increased 
with shear modulus, from 1.18 to 1.67 (Fig. 5.8 b). On the other hand, when the mean 
failure strain of the fibers increased from 0.05 to 0.30, the exponent decreases from 1.98 
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to 0.83 (Fig. 5.8 c). Nevertheless, in both cases, the power law form of the distribution of 
the force drops was invariant to such changes in the parameters. When the failure strain 
of fibers increased, more inter-lamellar fibers were engaged before failure. As a result, 
the probability of higher force drops increased, resulting in larger avalanches and a 
smaller power-law exponent. With stiffer tissue, however, the forefront inter-lamellar 
fibers at the separation point were more likely to be fully engaged with less engagement 
of the fibers within the lamellar layers and fibers away from the forefront location. This 
then decreased the probability of higher force drops and resulted in smaller avalanches 
and a larger power-law exponent. 
 
Figure 5.8: Effects of structural and material properties on the power law behavior. (a) Effects of 
structural and mechanical inhomogeneity on the power law behavior. The structural inhomogeneity 
in fiber orientation and density was removed by having equally spaced parallel inter-lamellar 
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collagen fibers, in which case the power-law behavior completely disappeared. The mechanical 
inhomogeneity was removed by letting all inter-lamellar fibers have the same failure strain. The 
power law behavior remained and the exponent was not significantly different. Straight lines 
represent linear fits to the model results in double logarithmical graphs, and β is defined as the 
negative slope of a straight line fit. Here subscript MC represents the model results in the 
circumferential direction, same as in Fig. 3d, and subscript U represents the model results when all 
inter-lamellar fibers have the same failure strain. (b) Effect of shear modulus of the medial layer on 
the power law behavior. Exponents from the model results were plotted vs. the shear modulus of the 
media in the model. The inset figure shows the probability density distribution of the force 
drop/width. (c) Effect of mean failure strain of inter-lamellar collagen fibers on the power law 
behavior. The inset figure shows the probability density distribution of the force drop/width. Error 
bars represent standard error of the mean. 
 
5. 5 Discussion 
Acute aortic dissection occurs within two weeks of onset with approximately 65 
to 75% death rate without treatment (DeSanctis, R. W., Doroghazi, R. M., Austen, W. G., 
& Buckley, 1987). In particular, aortic dissections are so catastrophic that about 20% of 
patients die before reaching a hospital (Golledge & Eagle, 2008). In DeBakey’s 
classification, type I aortic dissection, which occurs the most frequently in aortic 
dissections (accounting for about 60 to 70% of incidence) and is of higher risk, originates 
in the ascending thoracic aorta and often advances through the entire aorta 
(Anagnostopoulos, S Prabhakar, Frederick Kittle, & Chicago, 1972), (DeBakey et al., 
1982). In this study, we found that the dissection propagates in avalanches. An important 
characteristic of an avalanching system is the broad distribution of the event sizes which 
results from a gradual build-up of stress at the front of the dissection followed by a 
sudden rupture and energy release via an avalanche. In aortic dissection, an avalanche 
can produce force drops with magnitudes spanning over almost two decades, which break 
the inter-lamellar bonding and advance the front of dissection through the adjacent layers 




dissection throughout the entire the aorta.  
The power law distribution of force drops is consistent in the aortic media and the 
GAG- depleted media samples, in both circumferential and longitudinal directions, 
though with slightly different exponents (Figs. 5. 2 d and e). This suggests that the power 
law behavior is fundamentally associated with the structural organization of the aortic 
wall, regardless of the changes in its composition due to GAG digestion. However, recent 
studies pointed out the possible mechanical roles of GAGs in aortic dissection. Localized 
increases in GAG content in thoracic aortic aneurysms and dissections was also reported 
(Cattell, Hasleton, & Anderson, 1994). It was suggested that the local accumulation of 
GAGs/PGs could help initiate aortic dissections by increasing the intra-lamellar swelling 
pressure and thus the intramural mechanical stress field (Humphrey, 2012), 
(Roccabianca, Ateshian, & Humphrey, 2014). Consistent with these previous 
suggestions, our results showed that the energy required to propagate the dissection 
increased after removal of GAGs (Fig. 5.3 b). Nevertheless, since the exponents changed 
by ~16% and 10% in the longitudinal and circumferential direction, the avalanche 
behavior is not directly related to GAGs and PGs. 
The adjacent elastic lamellar layers are connected by inter-lamellar elastin and 
collagen fibers (Fig. 5.6), which play a dominant role in contributing to the force 
development during lamellar separation. The numerous inter-lamellar fibers also play an 
important role in transferring the transmural stress across the wall (Jessica E Wagenseil 
& Mecham, 2009). No significant difference in dissection energy was found when elastin 




the tissue’s resistance to dissection (Noble et al., 2016). The fiber density (number of 
inter-lamellar fibers /mm) along the delamination plane, orientation and failure energy of 
the radially-running inter-lamellar collagen fibers was found to control the peeling 
strength and the resistance to delamination (Tsamis et al., 2013), (Pal et al., 2014). The 
density and orientation of inter-lamellar fibers are nonuniformly distributed in the aortic 
media (Fig. 5.6 a and b), which poses an important question about how aortic dissection 
develops in an inhomogeneous material such as the aortic media and what role tissue 
inhomogeneity plays in the aortic dissection. 
In the force displacement curve, the fluctuating force profile of individual samples 
in Figure 2A is most likely due to the nonuniform spatial distribution of interlamellar 
fibers as well as their failure. Each force drop corresponds to one small avalanche or 
microfailure that may be comprised of several fibrils rupturing simultaneously. Indeed, 
from the estimation of inter-lamellar fiber strength, it’s unlikely that a single microfailure 
corresponds to the failure of a single inter-lamellar fiber. Rather, the microfailure is due 
to a group of inhomogeneously arranged inter-lamellar collagen fibers in an avalanche. 
When dissection advances between the lamellar layers, the inter-lamellar fibers are 
stretched and the media will deform storing more and more elastic energy. Consequently, 
stress concentration gradually builds up at the front of the dissection. When the strain in 
an inter-lamellar fiber reaches its failure limit, the fiber fails and the load it carried is 
released and redistributed among the neighboring intact fibers. Since the failure threshold 
of the fibers is similar, failure of one fiber can immediately load one or more fibers 




rapid succession generating an avalanche. It is the heterogeneity in the failure strain of 
the fibers as well as their random structural arrangement in connecting two lamellar 
layers that generate avalanches of energy release on a wide range of scales, from the 
failure of inter-lamellar fibers on the small scale to the aortic dissection on tissue level 
scale.  
The exponent of the distribution of the force drops in the circumferential direction 
is 1.51, which is within the range of avalanche behavior in the model of self-organized 
criticality (Bak, Tang, & Wiesenfeld, 1987). Systems with the ability to self-organize to 
criticality have a potential for extreme behavior, which in our study would be the 
avalanche-like layer separation in the arterial wall. Another class of computational 
models, known as fiber bundle models (FBMs), is proven to produce a burst distribution 
that follows the power law with exponents varying from 2.5 (in equal load sharing 
model) to 4 (in local load sharing model), depending on how the load of the broken fiber 
is redistributed among the remaining fibers (Pradhan, Hansen, & Chakrabarti, 2010). 
However FBMs are often over simplified and the exponents found in experimental 
studies are often different. For example, earlier studies report exponents of 1.51±0.05 for 
wood and 2.0 ± 0.1 for fiberglass (Guarino, Garcimartín, & Ciliberto, 1998). The 
exponents in the power law distribution of force drop in aortic media separation are 
outside the range predicted by the FBMs. Thus, while our exponents are similar to those 
in self-organized critical system, the numerical values suggest that the mechanism behind 
the aortic dissection cannot be explained by the classical FBMs. 




Fiber bundle models (FBMs) is proven to produce a burst distribution that follows the 
power law with exponents varying from 2.5 to 4 (Pradhan et al., 2010). A sand pile 
cellular automaton was invented to study self-organized criticality in the explanation of 
1/f noise (Bak et al., 1987). The random fuse models were introduced to study the power-
law behavior in breaking and microfracturing phenomena (De Arcangelis, Redner, & 
Herrmann, 1985)(Zapperi, Vespignani, & Stanley, 1997).  
To simulate the peeling process and recapitulate the power law distribution, we 
developed a finite element model that considers the contribution of discrete inter-lamellar 
collagen fibers. The particular composition of the model was based on our experimental 
findings on GAG depleted and purified elastin data suggesting that by far the contribution 
of collagen dominates the avalanche behavior. The inhomogeneity of the aortic media is 
generated by introducing the randomness in the inter-lamellar fiber orientation and 
density, as well as the strength. Compared with earlier statistical models of parallel fiber 
bundles (Pradhan et al., 2010), this inhomogeneity is introduced along the propagation 
direction of the dissection. The model simulates the controlled peeling process in the 
experiment by separating the media from the inter-lamellar space. When the dissection 
propagates through the region where the inter-lamellar fibers are distributed sparsely, the 
fibers break, generating discrete force drops. The resistance against the advance of crack 
in the material gradually builds up when the dissection front reaches a region where the 
inter-lamellar fibers are more densely distributed. Moreover, the angled inter-lamellar 
fibers can reorient and extend during the separation before the deformation exceeds their 




When these fibers fail, the dissection will advance easily through the neighboring 
scattered fibers, creating an avalanche.  
ECM fibers in the arterial wall are structurally and mechanically inhomogeneous. 
The mechanical inhomogeneity is reflected in the random failure strain of inter-lamellar 
fibers. The variance of failure strain of elastin and collagen fibers have been observed in 
previous studies from tensile tests on a single fiber (Carton et al., 1962)(Miyazaki & 
Hayashi, 1999). Our study (Fig. 5.8 a), along with others (Pradhan et al., 2010), showed 
that the power law distribution doesn’t depend on the mechanical inhomogeneity. The 
structural inhomogeneity is present as a nonuniform spatial distribution of interlamellar 
fibers, in terms of the fiber density along the dissection direction, as well as their 
orientation with respect to lamellar layers. The structural inhomogeneity can be observed 
in multiphoton images at the dissection location during controlled peeling (Fig. 5.6). Our 
study showed that structural inhomogeneity is the underlying mechanism of the 
avalanche behavior in the propagation of aortic dissection (Fig. 5.8 a). 
 
5.6 Summary 
Our findings suggest that aortic dissections propagate via avalanches of various 
sizes that follow a power law distribution. The avalanche behavior results from the local 
build-up of strain energy followed by a cascade failure of inter-lamellar fibers in which a 
key component is the heterogeneous spatial distribution of fibers in the aortic media. 
Although such heterogeneity may be advantageous for the general stability of intact 




characterizing the fiber heterogeneity in vivo with future imaging modalities may provide 




CHAPTER 6 A DISCRETE FIBER NETWORK MODEL OF ARTERIAL 
ELASTIN CONSIDERING INTER-FIBER CROSSLINKING 
6.1 Overview 
Discrete fiber network (DFN) model has been used to study biological fibrous 
materials with fiber-level geometric realism, however in most DFN models, the 
crosslinks were usually modeled as pin joints. Inter-fiber crosslinking within the 
extracellular matrix (ECM) plays an important role in determining the microstructural 
kinematics and mechanics of fibrous tissue. In this study, a DFN model of elastin 
network in the arterial wall was developed based on measured geometric features to study 
the nature of crosslinks in contributing to ECM mechanics and fiber kinematics. 
Multiphoton microscopy was performed on purified elastin network from porcine 
thoracic aorta to characterize fiber orientation distribution, areal fraction, and fiber 
diameter. A DFN model was then generated following these structural criteria. The 
intersections of two segments were treated as crosslinks. Periodic boundary conditions 
were prescribed so that the DFN network is continuous when tiled up in both horizontal 
and vertical directions. Finite element simulations of DFN under equi- and nonequi- 
biaxial stretch were performed in Abaqus. Timoshenko beam element B21H was selected 
to represent a single fiber. Entropy-based freely-jointed chain model was used to 
represent the mechanical behavior of elastic fibers. The inter-fiber crosslinks were 
modeled with rotational stiffness that varies systematically from 0 (pin-joined) to infinity 
(rigid). The DFN model showed excellent fitting and predicting capabilities of elastin 




the crosslinks was found to play an important role in fiber-level strain distribution and 
fiber reorientation when the elastin network is subjected to mechanical loading. The 
reorientation of the fibers in the DFN model was also studied. 
 
6.2 Introduction 
As one of the major extracellular matrix (ECM) components, elastin imparts the 
elastic property to the arterial wall in order to accommodate the physiological cyclic 
deformation. Elastic fibers comprise a core of amorphous crosslinked tropoelastin 
assembled on a fibrillin-rich microfibrillar mantle (Cay M. Kielty1, 2002). In aortic 
media, elastic fibers form concentric layers of elastic lamellae, which together with a 
layer of smooth muscle cells and collagen fibers is considered to be the functional unit of 
the arterial wall (Wolinsky & Glagov, 1967). Within each lamella, the elastin fibers 
interweave into an interconnected network with preferred alignment directions which 
vary through the thickness of the arterial wall (Yu et al., 2018). Inter-fiber crosslinking 
plays an important role in establishing the load transfer within the ECM. The actual 
mechanical property of inter-fiber crosslinking and how it contributes to the behavior of 
elastin network, however, remains largely unknown. 
Motived by the tissue structure obtained through various optical techniques, 
constitutive models of arterial wall incorporating experimentally measured structural 
information, including fiber orientation and undulation properties, have been broadly 
studied (Holzapfel et al., 2000) (Zulliger et al., 2004). The structure-motived constitutive 




shown successful fitting and predicting capabilities at multiple length scales. Efforts have 
been made to consider the inter-fiber intercalations in recent studies in constitutive 
models. The shear interactions among two opposing fiber families were added to the 
strain energy function when modeling the intervertebral disc as it may act to strengthen 
the macroscopic tensile response (Nerurkar, Mauck, & Elliott, 2011). The interactions 
between collagen fibers and myofibers is considered in a novel constitutive model for 
passive right ventricular myocardium (Avazmohammadi et al., 2017). However, 
continuum mechanics based constitutive models lack fiber level geometric realism and 
often rely on affine deformation assumption (Holzapfel et al., 2004). Moreover, these 
models cannot provide information on local stress and strain field, which could vary 
locally as a result of the structural inhomogeneity of the tissue or local mechanical 
loading.  
Discrete fiber network (DFN) models have been developed to capture the local 
microstructural kinematics and deformation of biological fibrous tissue, such as the 
arterial wall (Thunes et al., 2016), (Stylianopoulos & Barocas, 2007), actin network in the 
cell cytoskeleton (Pritchard et al., 2014), and human amnion (Mauri, Hopf, Ehret, Picu, & 
Mazza, 2016). Inter-fiber crosslinking density and rotational stiffness has been found to 
have an effect on the mechanical properties of fibrous network (Lin & Gu, 2015). In two-
dimensional DFN models, the inter-fiber crosslinking is modeled by the intersections of 
two segments. Usually, these intersections were treated as pin joints (Mauri et al., 2016), 
(Bircher et al., 2017) or rotating joints with negligible rotational stiffness (Amore et al., 




& Barocas, 2007) or torsional springs with some rotational stiffness (Stein et al., 2011).  
Motivated by the inter-connected fibrous elastin network in the arterial wall, in 
this study, a DFN model of elastin network in the arterial wall was developed based on 
multiphoton microscopy measured geometric features to study the contribution of inter-
fiber crosslinking to ECM mechanics and fiber kinematics. Multiphoton microscopy was 
performed to capture the in-plane distributed cross-linked elastic fiber network within the 
elastic lamellae. The inter-fiber crosslinks were assumed to have a rotational stiffness that 
varies from zero (pinned joint) to infinity (welded joint). Finite element simulations of 
DFN under equi- and nonequi- biaxial stretch were performed in ABAQUS. Tissue-level 
stress-stretch behavior and fiber-level deformation was studied in order to understand the 
role of inter-fiber crosslinking properties in the response of elastin network at multiple 
scales.  
 
6.3 Material and methods 
6.3.1 Sample preparation 
Purified elastin samples were obtained following procedures described in Chapter 
3.3.1. Biaxial tensile testing was performed to study the mechanical behavior of elastin 





6.3.2 Biaxial tensile testing 
Equi- and nonequi-biaxial tensile tests were performed on a biaxial tensile testing 
device to characterize the mechanical properties of elastin network (n=4). Stretch control 
experiments were performed through a custom LABVIEW program by measuring the 
tissue deformation through the position of the four carbon marker dots glued to samples. 
The samples were then mounted onto the testing device with their circumferential and 
longitudinal direction aligned with two pairs of linear carriages. After preconditioning, 
samples were subjected to eight cycles of biaxial stretch up to 1.12 with λl: λc = 
1.12:1.12, 1.06:1.12, and 1.12:1.06, where λl and λc refer to stretches in the longitudinal 
and circumferential directions, respectively. The stretch ratio was kept consistent during 
the loading and unload process. The reaction force was measured through two load cells, 
one in each axis. 
6.3.3 Multiphoton microscopy 
Multiphoton imaging was described in Chapter 2. All the image processing was 
performed in FIJI (http:/Fiji.sc/Fiji, Ashburn, VA). The multiphoton images were 
binarized using Otsu’s thresholding method to calculate the areal density (Fig. 6.1A B). 
The areal density was defined as the ratio of white to the total number of pixels in the 
image. The fiber diameter was measured following the method in (D’Amore et al., 2010). 
Fiber orientation distribution was obtained using two-dimensional fast Fourier transform 





Figure 6.1: Geometric parameters of the DFN model obtained from multiphoton images. A) 
Multiphoton image of the arterial elastin network. B) Binary image of A) after Otsu’s thresholding 
method. C) Fiber orientation distribution from multiphoton images of the arterial elastin network. 
D) Fiber Orientation distribution of DFN model generated based on C). E) Schematic drawing of 










6.3.4 Network generation 
A DFN model was generated by randomly placing line segments into the given 
domain following the orientation distribution until the desired fiber areal fraction was 
reached (NAIR, 2012). The fiber orientation distribution function was obtained by 
averaging the orientation distribution through the thickness of the elastin network from 
our previous study (Yu et al., 2018). The fiber orientation distribution from the generated 
DFN model matches well with that from the multiphoton images (Fig 6.1 D and D). The 
ratio of the size of the representative volume element (RVE) to the length of the line 
segment is set to be 1.0 (Heyden, 2000). RVE sizes of 50´50  to 1000 ´1000 𝜇𝑚 were 
generated in order to determine the size of the RVE so that the boundary effects are 
minimum. Intersections of two segments were treated as crosslinks. Dangling ends of line 
segments projecting beyond the crosslinks were removed since they do not contribute to 
the rigidity of the network. Periodic boundary conditions were prescribed so that the DFN 
is continuous when tiled up in both horizontal and vertical directions. 
6.3.5 Finite element simulations 
 The network geometry was imported into ABAQUS 6.14 (Dassault Systemes, 
Waltham, MA) via an input file that specifies the nodal coordinates and element 
connectivity. Finite element simulations were performed in ABAQUS. A single layer of 
elastic lamella with inter-lamellar spacing was chosen to be the representative volume 
element (RVE). The thickness of elastic lamella is set to be the diameter of elastin fiber, 
while the inter-lamellar spacing was measured from cross-sectional images of elastin 




Since the structure has two planes of symmetry, only one quarter of the sample was 
simulated (Amore et al., 2014). The displacement of each boundary point was prescribed 
according to experimental settings to impose displacement boundary condition. The 
applied load is computed as the sum of the reaction forces at the corresponding boundary. 







    (6.1) 
where 𝑅𝐹5 and 𝑅𝐹= are the sum of the reaction forces of the nodes on the top and right 
boundaries respectively. 
Timoshenko (shear flexible) beams elements B21H was selected considering the 
length to diameter ratio of the elastin fibers (Amore et al., 2014). Fiber intersections were 
modeled using connector elements (CONN2D2) with rotational stiffness changing from 
freely rotating to welding. The elastin fibers are modeled using an entropy-based freely-
jointed chain model, based on non-Gaussian statistical mechanics for large deformation 






{	 	   (6.2) 
where 𝑁 is the number of rigid links within each chain, n is number of chains within 
single elastin fiber, 𝜌 is the normalized deformed chain length and is related to fiber-level 
Green–Lagrange strain	𝜀	by	𝜌 = 𝑃√2𝜀 + 1,	and	𝑃 = √𝑁	is the normalized undeformed 
chain length.	𝛽p = ℒI5(𝜌 𝑁⁄ ),	where	ℒ(𝑥) = coth𝑥 − 1/𝑥	is the Langevin function.	𝑘 =
1.38 × 10I=fJ/K	is Boltzmann's constant, and	Θ = 298𝐾	is the absolute temperature. 




varied to fit the experimental data (Amore et al., 2014). The correlation coefficient r2 of 
the resulting Cauchy stress σ>6ë vs. stretch based on DFN model compared to the 
experimental data σ>
ëWÙ	was computed by the ratio of the mean square error (MSE) to the 
variance of the experimental data: 
𝑟= = 1 − íîë
ï]£ðD
ñò      (6.3) 
where σ>
ëWÙ  is the Cauchy stress obtained from biaxial test. To determine MSE, the 
resulting Cauchy stress from DFN vs. stretch was first interpolated and the residuals 
between interpolated values and experimental data were then computed. 
6.3.6 Fiber-level deformation analysis 
 The reorientation of each segments in the DFN model between deformed and 
undeformed configuration, which was calculated as the reorientation angle (Fig. 6.1 E). 
Here a counterclockwise rotation is defined as a positive reorientation angle. 
Reorientation angles from affine fiber kinematics assumption can be calculated from the 




]		 	 	 	  (6.4) 
where 𝜃  is the fiber orientation angle at unloaded configuration. 𝜃Ù  is the predicted 
orientation angle at the deformed state.  
 The stretch of each fiber in the DFN model is obtained as the ratio of the fiber 
length in the deformed configuration to that in the unloaded configuration. In affine 
prediction, the deformed configuration was obtained by multiplying the unloaded 





6.4.1 Size dependency study 
With the DFN model, the first study we performed was to systematically increase 
the size of the RVE to achieve a stable solution. To do so, the size of the RVE element 
was increased from 50 to 1000 𝜇𝑚. Two parameters are of particular interest here. One is 
the fiber orientation ratio of the circumferentially to longitudinally (RCL) oriented fibers, 
which is defined as the number of circumferential fibers (oriented between -90° ± 20°) 
divided by the number of longitudinal fibers (oriented between -90° ± 20°). The RCL 
ratio represents the structural feature of the DFN. The other parameter is the tissue level 




     (6.5) 
where 𝑠(𝑛) represented one of the parameter of interest, and 𝑛 is a sequence of DFN 
models with side lengths varying from 50 to 1000 𝜇m (Fig. 6.2 A to C). 
As we increase the size of the RVE, the residuals of stress and RCL decreases 
(Figs. 6.2 D and E), indicating the system is stabilized. Increasing the model size beyond 
600 um doesn’t further reduce the residue. An acceptable RVE size was determined when 
the residuals dropped below a threshold value of 2.5% (Gitman et al., 2007)(Kanit et al., 
2003). DFN of size 1000´1000 um was used in our study. This size of RVE was 
sufficiently large to minimize the size effects and represent a mean constitutive response 





Figure 6.2: Size dependency study. A) to C), Representative DFN model of size from 100 to 1000 µm. 
D) Residue of the ratio of circumferential to longitudinal aligned fibers vs. model size. E) Residue of 
the circumferential stress vs. model size.    
6.4.2 Modeling of the arterial elastin network 
The elastin network shows anisotropic stress-stretch behavior with the 
circumferential direction being stiffer than the longitudinal direction under equi-biaxial 
loading. The DFN model well captured the anisotropic and nonlinear behavior (Fig. 3A) 
(𝑟= = 0.99). The model with the same material parameters was then used to predict the 
stress-stretch behavior of elastin network under nonequi-biaxial stretch with a good 
agreement with experimental data (𝑟= = 0.98) (Figs. 6.3 B and C). The anisotropic 
behavior is well captured by the more circumferentially preferred fiber orientation 
distribution in the DFN.  
 









6.4.3 Properties of inter-fiber crosslinking 
 To study the effect of inter-fiber crosslinking properties on tissue mechanics, we 
plotted the stress-stretch curves of the DFN with free rotating (pin) and welded (weld) 
crosslinks while keeping the material parameters the same under equi- and nonequi-
biaxial stretch. It can be seen that changing the fiber intersection properties has little 
effect on the equi-biaxial and nonequi-biaxial stress-stretch behavior (Figure 6.3). 
Overall, the effect of inter-fiber properties on the tissue-level response is rather small. 
 
Figure 6.3: Stress-stretch responses of elastin network mechanical response from biaxial tensile 
testing and DFN models with pin and weld intersection properties. A) Equi-biaxial stretching with 
𝝀𝑪:𝝀𝑳 = 𝟏: 𝟏; B) Nonequi-biaxial stretching with 𝝀𝑪:𝝀𝑳 = 𝟏. 𝟐: 𝟏. 𝟏; and C) Nonequi-biaxial 
stretching with 𝝀𝑪:𝝀𝑳 = 𝟏. 𝟏:𝟏. 𝟐.  
 
6.4.4 Fiber realignment under loading 
 To study the reorientation of the fibers in the elastin network, equi- and nonequi-
biaxial stretch up to 120% in the circumferential and longitudinal directions was applied 
to the DFN network. The orientation distribution function was computed based on the 
deformed shape of the network, and then compared with the unloaded state. Under equi-
biaxial stretch, the orientation distribution function overlaps with that of the undeformed 
shape, indicating little reorientation (Fig. 6.4 A). Under nonequi-biaxial stretch, the fibers 





of frequency in the 20% strain direction and a decrease in the 10% strain direction (Fig. 
6.4 B and C).  The orientation distribution doesn’t appear to be different between pin and 
weld inter-fiber crosslinking, indicating little effect of fiber-fiber intersection property on 
the tissue-level response of the elastin fiber network under biaxial loading. 
 
Figure 6.4: Fiber orientation distribution function based on undeformed and deformed 
configurations when the crosslinking were considered as pin or weld joints. A) Equi-biaxial 
stretching with 𝝀𝑪:𝝀𝑳 = 𝟏: 𝟏; B) Nonequi-biaxial stretching with 𝝀𝑪: 𝝀𝑳 = 𝟏. 𝟐: 𝟏. 𝟏; and C) Nonequi-







Figure 6.5: Fiber reorientation angle in the network from DFN model with pin (A, B, C) and weld (D, 
E, F) intersection properties under (A, D) equi-biaxial strain of 12%C–12%L; (D,E) nonequi-biaxial 
strain of 12%C–6%; (C,F) nonequi-biaxial strain of 6%–12%L. Results under affine deformation 
were shown for (G) equi-biaxial strain of 12%C–12%L; (H) nonequi-biaxial strain of 12%C–6%; (I) 
nonequi-biaxial strain of 6%–12%. 
The reorientation angles of all the fibers in the network between deformed and 
undeformed configuration were plotted in a histogram with an increment of 0.5° (Fig. 
6.4). There is a peak in the histogram around 0° indicating the majority of the fibers in 
the network have little to none reorientation under biaxial stretch. The narrow peak in the 
histogram under equi-biaxial loading is consistent with the little reorientation observation 
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in the fiber distribution function Fig. 6.4D). In Figure 6.5, the histogram is fitted to a 
normal distribution to quantify those changes. In each loading conditions, the fitted 
normal distributions of the pin and weld intersection have very similar mean 𝜇, but 
different standard deviations 𝜎. 𝜎 of the orientation distribution from pin intersection 
property is larger, indicating larger fiber orientation angles.  
6.4.5 Fiber level strain under loading 
To further examine the effect of inter-fiber intersection properties on fiber-level 
deformation, we computed the stretch of each fiber segment with pinned and welded 
joints under tissue-level biaxial loading. The histogram shows the strain of all the fibers 
in the network model with pin and weld intersections. Our findings revealed that under 
nonequi-biaxial stretch, the intersection properties have the most obvious effect on fiber 
stretch distribution. Histogram plot of fiber stretch distribution with pin joint shows two 
peaks that are aligned with the tissue-level stretch (1.06 and 1.12) applied at the boundary 
(Fig. 6.6B and C). The fiber stretch distribution of the DFN with welded joint, however, 





Figure 6.6: Fiber level strain from DFN model with pin (A, B, C) and weld (D, E, F) intersection 
properties under (A,D) equi-biaxial strain of 12%C-12%L; (D,E) nonequi-biaxial strain of 12%C-
6%; (C,F) nonequi-biaxial strain of 6%-12%L. Results under affine deformation were shown for (G) 
equi-biaxial strain of 12%C-12%L; (H) nonequi-biaxial strain of 12%C-6%; (I) nonequi-biaxial 
strain of 6%-12%.  
 
6.5 Discussion 
Pre-existing difference in local load distribution within the elastic fiber network 
due to inhomogeneity in the special organization of elastic fibers could change the stress 






























































































































































concentration at the failure site, resulting in a shortened lifetime (Lillie & Gosline, 2007). 
As one of the most long-lived proteins, additional crosslinks can be formed due to 
glycation (Green et al., 2014), which not only result in an increase in tissue stiffness, but 
would also amplify the structural and mechanical inhomogeneity. Here we created a DFN 
model of arterial elastin that resembles the ECM structural properties (fiber orientation, 
fiber diameter, and areal density) as well as considers inter-fiber crosslinking to study the 
multi-scale elastin network mechanics. The model captures well the anisotropic and 
hyperelastic stress-stretch response of elastin network, and shows good fitting and 
predicting capabilities of elastin network under equi- and nonequi-biaxial loading 
conditions. While the pin and weld intersection properties have little effects on the tissue-
level response of elastic network, the intersection properties can affect the fiber-level 
deformation and reorientation when the network is deformed.  
DFN model possesses advantage in investigating the inhomogeneous local stress-
strain field and non-affine fiber kinematics (Figures 6.5 and 6.6). Two types of inter-fiber 
crosslinking, pin joints, rotating joints and welding joints were considered in this study.  
Pin joints cannot transmit bending moments between the connected beam segments, 
which has been shown to be suitable for describing connections in flexible polymer 
networks or networks of rigid filaments with flexible crosslinkers (Pritchard et al., 2014). 
In previous network model of ECM in the arterial wall to study heterogeneous stress field 
after collagen recruitment, the crosslinks are usually modeled as freely-rotating pin joints 
(Thunes et al., 2016). Welding joints, on the other hand, can transmit bending moments 




the cellular cytoskeleton with rigid crosslinks (Gardel et al., 2004). The elastin network in 
the arterial wall consists elastic fibers interwoven into a elastic lamellae network where 
physical connections between fibers were observed (Ushiki, 2002). The properties of the 
crosslinks in the elastin network are poorly understood. In this study, we assume the 
intersection point of two line segments to be a connection between crossed elastic fibers.  
The effect of inter-fiber crosslinking properties on ECM network mechanics was 
studied by assuming pinned and welded intersections. The crosslinking properties, 
however, do have an effect on fiber strain distribution and fiber reorientation within the 
elastin network. The histogram of fiber strain DFN model with pin-joint under nonequi-
biaxial stretch has two peaks with stretch values close to the applied tissue stretches, i.e., 
0.12 and 0.06 in the circumferential and longitudinal directions, respectively (Figure 
6.6B). The fiber stretch distribution in DFN model with weld joint showed only one peak 
in between the applied tissue stretch (Figure 6.6E). As a comparison, the histogram of 
fiber stretch predicted by affine deformation assumption has two peaks that perfectly 
bounded between the tissue level stretch in each direction (Figure 6.6H).  
The mechanical behavior of arterial elastin is usually treated as isotropic in most 
constitutive models of arterial walls (Wuyts et al., 1995)	(Holzapfel et al., 2000). 
Recently, a few anisotropic form of strain energy function were proposed to account for 
the anisotropic behavior of arterial elastin (Y. Zou & Zhang, 2009))(Rezakhaniha et al., 
2011)(Yu et al., 2018). The DFN model well captures the anisotropic behavior of elastin 
network via the preferred fiber orientation in the circumferential direction (Figure 6.3A). 




fiber-level responses (Figure 6.3A-C), which suggests that the properties of fiber 
intersections have little effect on tissue-level mechanics. 
There are several limitations of this study which may deserve further 
investigation. In this study, we assume the intersection point of two line segments to be a 
connection between crossed elastic fibers. This might lead to an overestimation of the 
amount of crosslinks in the real elastin network. The inter-fiber crosslinking properties 
and density are not available, but likely to fall between pin and weld connections.   
 
6.6 Summary 
In this study, we created a DFN model based on measured geometric features 
such as fiber orientation distribution, areal fraction, and fiber diameter to study the multi-
scale deformation of elastin network. The inter-fiber crosslinking properties were 
considered by assuming the intersection point of two crossed elastic fibers. The model 
shows good fitting and predicting capacities in capturing the biaxial deformation of 
elastin network. While the rotational stiffness does not have noticeable effect on tissue-
level stress-stretch behavior, our study suggests that rotational stiffness of the crosslinks 




CHAPTER 7 CONCLUSIONS AND OUTLOOK 
7.1 Conclusions 
Elastin and collagen fibers are the major load-bearing ECM components of the 
artery. Through this research we investigated the structural inhomogeneity of ECM 
organization and its association with the mechanical behavior of the arterial wall at 
multiple length scales. Our study revealed structural inhomogeneity through the medial 
layer of the arterial wall in the form of transmural variation in the orientation distribution 
of elastin fibers. The orientation of elastin fibers changes from longitudinally aligned in 
the inner media to circumferentially dominant alignment in the middle media, then to 
longitudinally aligned in the outer media. The transmural structural inhomogeneity is 
closely associated with the anisotropic behavior of the elastin network and is essential in 
accommodating the complex loading in the artery, thus should be included in constitutive 
modeling to study the mechanical properties of arteries in health and diseases. 
 By looking at micromechanics of elastic lamellar layer, we discovered the 
importance of structural inhomogeneity in maintaining tissue homeostasis. The gradient 
in waviness of multiple layers of elastic lamellae across the thickness plays a critical role 
in equally distributing the local circumferential stresses throughout the arterial wall. Our 
study uncovered the underlying structural origin that enables elastic lamellar layers to 
evenly distribute the stresses through the arterial wall, a fundamental requirement for 
tissue and cellular function.  
Although some structural inhomogeneities may be advantageous for the 




arterial wall. Our findings from the controlled peeling test of aortic media suggest that 
aortic dissections propagate via avalanches of various sizes that follow a power law 
distribution. Multiphoton imaging and finite element modeling suggests that the 
inhomogeneous spatial distribution of fibers in the aortic media is a key component in the 
cascade failure of inter-lamellar fibers, which results in the avalanche behavior in the 
aortic dissection.  
To better study the structural inhomogeneity and the inhomogeneous stress-strain 
field, we proposed a finite element based discrete fiber network model. The 
inhomogeneity in the organization of elastic fibers was accounted for and the model well 
recapitulate the tensile response of elastin network from experiment. Our results suggest 
that rotational stiffness of the crosslinks plays an important role in local fiber-level 
responses in the ECM network while has little effect on the tissue-level response. These 
results could improve the understanding of the multiscale mechanics of elastin networks 
in the arterial wall in aging and cardiovascular diseases.  
 
7.2 Outlook 
Our study pointed out the importance of the inhomogeneity in the structure and 
function of the arterial wall.  
The structure-based constitutive model considering transmural inhomogeneity in 
elastin distribution can be incorporated into the constitutive modeling of the arterial wall 
for improvement in prediction of its mechanical response. 




across the thickness will likely inspire the development of tissue engineered blood vessels 
that consider structural inhomogeneity, and the creation of new microstructure-inspired 
models of arteries for better understanding of tissue growth and remodeling. Our imaging 
and analysis method could be applied to study the structural and mechanical alterations in 
aging and diseases, which may have profound impact on the composition and structure of 
the arterial wall. 
Since the inhomogeneous spatial distribution of fibers in the aortic media the 
underlying mechanism of the rapid propagation of aortic dissection, characterizing the 
fiber inhomogeneity in vivo with future imaging modalities may provide a useful index 
of the risk of developing dissections.  
 The discrete fiber network model could be expanded to include changes in the 
crosslinking properties due to biochemical changes in ECM with aging and diseases 
(such as glycation from aging or diabetes) and study their effects on the multi-scale 
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